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SUMMARY OF RESULTS 

A h i g h   t e m p e r a t u r e   e x p e r i m e n t a l   s t u d y  was made t o   e v a l u a t e   t h e   e f f e c t   o f   s l i d -  

i ng   con tac t s   on   t he   hydrok lynamic   behav io r  of t i l t i n g  p a d   j o u r n a l   b e a r i n g s   a n d  

o n   s p i r a l   g r o o v e d   t h r u s t   b e a r i n g s .   B o t h   s t a r t - s t o p   a n d   h i g h   s p e e d   r u b  t e s t s  

were r u n   i n   a n   a r g o n   e n v i r o n m e n t  a t  two   t empera tu res ,  900 F and  1400  F.  Major 

emphas i s  was p l a c e d   o n ' t h e   u s e  of plasma c o a t i n g s   t o   p r o v i d e  wear r e s i s t a n t  

s u r f  aces . 

The t a b l e  a t  t h e   e n d   o f   t h i s  summary p r e s e n t s   a n   o v e r a l l   c o m p i l a t i o n   o f   t h e s e  

e v a l u a t i o n s .  The r e s u l t s  showed t h a t  a plasma s p r a y e d  A1203  c o a t i n g   s l i d i n g  

a g a i n s t  a n i cke l - ch rome   bonded   ch rome   ca rb ide   coa t ing  was t h e   b e s t   c o m b i n a t i o n  

f o r   u s e   o n   b o t h   t h r u s t   a n d   j o u r n a l   b e a r i n g s   i n   a n   i n e r t   e n v i r o n m e n t   i n   t h i s  

t e m p e r a t u r e   r a n g e .  

T h e   p r o b l e m   o f   s e l e c t i n g   m a t e r i a l s   f o r  good s l i d i n g   b e h a v i o r   i n   t h e  900 F t o  

1400 F r a n g e  i s  much more d i f f i c u l t   t h a n  i t  was a t  t e m p e r a t u r e s   u p   t o  500 F. 

F o r   r e l i a b l e   s t a r t - s t o p   o p e r a t i o n  of t h r u s t   b e a r i n g s ,   w i t h o u t   h y d r o s t a t i c   j a c k -  

i n g ,   d e s i g n   s t r e s s e s , m a y   h a v e   t o   b e   l i m i t e d   t o   a b o u t  2 . 5  p s i  u n l e s s   b e t t e r  

mater ia ls  o r   s o l i d   l u b r i c a n t   f i l m s  are found.  

S e v e r a l   i n t e r e s t i n g   o b s e r v a t i o n s   w e r e  made i n   t h e s e  t e s t s .  T h e s e   i n c l u d e   t h e  

f o l l o w i n g :  

1. I n   o n l y   o n e  t e s t  was a bond f a i l u r e   b e t w e e n   t h e   c o a t i n g   a n d   t h e   s u b -  

s t r a t e  obse rved .   Th i s   was   on  a t i l t i n g  pad b e a r i n g   w h i c h   s e i z e d   o n  

t h e   j o u r n a l  a t  1400 F and a t  a speed of 30,000 rpm.  The p l a sma-sp rayed  

g r o o v e   p a t t e r n s  were no  problem as  f a r  as  c h i p p i n g   o r   f l a k i n g   w a s   c o n -  

cerned.  Groove  damage was a l w a y s   m a n i f e s t e d  as  s u r f a c e  damage o r  wear 

r a t h e r   t h a n   s e p a r a t i o n  of  t h e   c o a t i n g   f r o m   t h e   s u b s t r a t e .  

2. High  speed   rub  t e s t s  on   ch rome   ox ide   coa t ings  a t  900 F showed  smooth 

b u t   h i g h  wear, much w o r s e   t h a n   t h e  wear obse rved  a t  500 F.  

3 .  P r e l i m i n a r y   e v a l u a t i o n s  of t h e   d i m e n s i o n a l   s t a b i l i t y  of  t h e   c a n d i d a t e  
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s u b s t r a t e  materials showed t h a t   d i m e n s i o n a l   s t a b i l i t y   c o u l d   b e  a problem, 

even  a t  900 F,  u n l e s s   b e t t e r   h e a t   t r e a t n e n t s   a n d   a g i n g   p r o c e d u r e s  are 

d e v e l o p e d .   T h e s e   d i m e n s i o n a l   s t a b i l i t y  t e s t s  are a- .scr ibed i n  Appendix 

B of  t h i s   r e p o r t .  

4 .  S t e l l i t e   c o a t i n g s   i n   a r g o n  a t  1400 F were much poore r   f rom a s l i d i n g  

s t a n d p o i n t   t h a n   t h e y  were i n  a i r  a t  t h e  same t e m p e r a t u r e .   T h i s   i n d i -  

c a t e s  t h a t   o x i d e   f i l m s  a re  e s s e n t i a l   f o r  g o o d   s l i d i n g   b e h a v i o r   w i t h  

t h i s  c lass  o f   a l l o y s .  

5 .  The NASA e u t e c t i c   f l u o r i d e   f i l m  was e f f e c t i v e   i n   p r e v e n t i n g   s u r f a c e  

damage ,   bu t   s eve ra l   p rob lems  were e n c o u n t e r e d   i n   u s i n g   t h i s   f i l m ,   a n d  

m o r e   d e v e l o p m e n t   e f f o r t  i s  r e q u i r e d .  

6. When d i f f e r e n t   c o a t i n g s  were u s e d   f o r   t h e   b e a r i n g   a n d   j o u r n a l   s u r f a c e s ,  

i t  was a n t i c i p a t e d   t h a t   i n t e r c h a n g i n g   t h e s e   c o a t i n g s   w o u l d   h a v e   a n  

e f f e c t  on s l i d i n g   b e h a v i o r .   H o w e v e r ,   i n   t h e s e  t e s t s  i t  was n o t   c l e a r l y  

shown w h e t h e r   o r   n o t   c e r t a i n  pairs  o f   c o a t i n g s   p e r f o r m e d   d i f f e r e n t l y  

i f   t h e   j o u r n a l  a n d   b e a r i n g   p a d   c o a t f n g s  were i n t e r c h a n g e d .  

7 .  I n   v i e w  of t h e   v e r y   g o o d   r e s u l t s   o b t a i n e d   w i t h   t h e  A 1  0 c o a t i n g   s l i d -  

i n g   a g a i n s t  a n i c k e l - c h r o m e   b o n d e d   c h r o m e   c a r b i d e   c o a t i n g ,   f u r t h e r  

i n v e s t i g a t i o n   a i m e d  a t  e s t ab l i sh ing   t he   op t imum  ch rome   ba rb ide   compos i -  

t i o n ,  as  w e l l  as  e v a l u a t i o n   o f   t h e   c o m b i n a t i o n   o f   c h r o m e   c a r b i d e   a g a i n s t  

i t s e l f ,  i s  s t r o n g l y  recommended.  This i s  d i s c u s s e d   f u r t h e r   i n   t h e  

R e c o m m e n d a t i o n s   s e c t i o n   o f   t h i s   r e p o r t .  

2 3  
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OVERALL  SUMMARY  OF BEARING EVALUATIONS I N  ARGON 

TEST  TEMPERATURE - 900 F .  

. "  , 
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Material Combination 
(a 1 

Type  of 
Bear ing  

__.- " - . - . 

Type  of   Resul t  
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Chrome o x i d e  

* 
vs. H. S. 

Bear ing  

A1203 vs.  

Tungsten  Carbide 

* 
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T i l t i n g  
Pad 
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Bear fng  

s-s 
H .  S. 
s-s 
H . S .  

Worked Haynes 25 T h r u s t  
Bear ing  
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I T i l t i n g  I S - S  
A1203 v s .  

Chrome c a r b i d e  

w 

* " - Pa  d 
Thrust" 
Bear ing  

, 
Completed 1000 c y c l e s  a t  4 p s i .  A 
F a i l e d   a f t e r  18 d r o p s   o f  3 l b s .  B 
F a i l e d - a f t e r  615   cyc le s  B - C  
Completed t es t  w i t h o u t   f a i l i n g .  A 

Completed 1000 c y c l e s  a t  4 p s i .  A 
F a i l e d   a f t e r  50 d rops   o f  1 l b .  C 
Completed 1000 c y c l e s  a t  1.5 p s i .  B 
B r g .   d i s t o r t e d ,   d i d   n o t   c o m p l e t e  t es t  B 

F a i l e d   a f t e r  180 c y c l e s  a t  4 p s i .  C 
F a i l e d   a f t e r  2 d r o p s   o f  3 l b s .  C 
F a i l e d   a f t e r  60  c y c l e s  a t  1 p s i .  C 
F a i l e d   a f t e r  8 . d rops   o f  7 l b s .  C 

Run a t  1400 F ,   n o t  a t  900 F .  - 
Did n o t   f a i l   a f t e r   2 0   d r o p s   o f  3 l b s .  A 
Completed lOO@ c y c l e s  a t  2 . 5   p s i .  A 
Completed t es t  w i t h o u t   f a i l u r e .  A 

" 
~~ 

". ____~__ . ~ . 
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~~. . .~ 

~ ~ ~~~~ ~~ 
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Chrome Carb ide  
* 

A1203 YS 

S t e l l i t e  6 
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BaF2  /CaF2 f i I m  

N i - C r  a l l o y "  on 
Rene 4 1  v s .  
BaF2  /CaF2 f i l m  

* 
* 

" - _ . ~  ~- 

i 
i 
1 
1 

(a) * D e n o t e s   c o a t i n g   a p p l i e d   t o  metall ic s u b s t r a t e .  
(b)  S-S i s  s t a r t - s t o p ,  H.S. i s  h igh   speed   rub .  

~. . - - " . TEST 

T i  1 t i n g  
Pad 

Thrust" 
Bear ing  

T i l t i n g  
Pad 

T h r u s t  
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T i l t i n g  
Pad 

"" .~ 

.. ~ . 
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. .  

Thrus t  
Bearing 

:MPERATURE - 1400 .. . F. 
Completed 1000 c y c l e s  a t  4 p s i .  A 

a t  900 F .   i n s t e a d   o f  1400 F .  
S-S Completed 1000 c y c l e s  a t  1 .4  p s i .  A 
H.S. Completed t e s t  w i t h o u t   f a i l u r e .  A 

Completed 1000 c y c l e s  a t  4 p s i .  B 

F a i l e d . - a f t e r  90  c y c l e s  a t  1 p s i .  C 

- 

_ _ ~ ~ ~  ~ 

r each ing   speed .  C 

- 
"- - . . . . . - 

S-S Completed 1000 c y c l e s  a t  4 p s i .  B 
H.S. F a i l e d   b e f o r e   r e a c h i n g   s p e e d .  B - C  

- - - 
S-S F a i l e d   a f t e r   5 9 0   c y c l e s  a t  2 p s i .  B 
H.S. F a i l e d   a f t e r  12 d rops   o f  1 l b .  C 

( c )  A i s  good, B i s  f a i r ,  C i s  poor .  
(d )   See   Pages   16   t h rough   19   fo r   t he   l oad -cyc le   s equence   fo r   each   t e s t .  
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1.0 INTRODUCTION 

One of t h e   m a j o r   a d v a n t a g e s   o f   g a s - l u b r i c a t e d   b e a r i n g s  i s  t h e i r   p o t e n t i a l   f o r  

l o n g   l i f e   o v e r   v e r y   w i d e   t e m p e r a t u r e   r a n g e s ,   p a r t i c u l a r l y   f o r   h i g h   s p e e d   t u r b o  

machinery .  Up t o   t h e   p r e s e n t   t i m e ,   v e r y   l i t t l e   h a s   b e e n   d o n e   t o   e x p l o i t   t h i s  

p o t e n t i a l .  Mos t   gas   bea r ing   mach ines  are d e s i g n e d   f o r   r e l a t i v e l y  low 

t e m p e r a t u r e   o p e r a t i o n   u n d e r   c o n d i t i o n s   w h i c h  are as c l o s e   t o   i s o t h e r m a l  as 

p o s s i b l e .   S i g n i f i c a n t   g a i n s   i n   d e s i g n   a n d   t u r b i n e   c y c l e   e f f i c i e n c y   c o u l d   b e  

r e a l i z e d .   i f   t h e   m a c h i n e s   c o u l d   b e   o p e r a t e d  a t  h i g h e r   t e m p e r a t u r e s   u n d e r   n o n -  

i s o t h e r m a l   c o n d i t i o n s .  

B e a r i n g  materials p r e s e n t  a m a j o r   b a r r i e r   t o   h i g h   t e m p e r a t u r e   o p e r a t i o n .   T h e r m a l  

g r a d i e n t s ,   d i m e n s i o n a l   i n s t a b i l i t y ,   c r e e p ,   a n d   g r o w t h   d u e   t o   c e n t r i f u g a l   f o r c e s ,  

w i l l  a l l  c o m b i n e   t o   c h a n g e   t h e   b e a r i n g   c l e a r a n c e s ,   o f t e n   i n   u n p r e d i c t a b l e   w a y s .  

T h i s  w i l l  i n c r e a s e   t h e   p o s s i b i l i t y   o f   a c c i d e n t a l   r u b b i n g   c o n t a c t s  and s e i z u r e  

d u r i n g   h i g h   s p e e d   o p e r a t i o n .   I n   a d d i t i o n ,   i f   h y d r o d y n a m i c   b e a r i n g s   a r e   t o   b e  

u s e d ,   t h e   n e c e s s i t y   f o r   s t a r t s   a n d   s t o p s   o v e r  a w i d e   o p e r a t i n g   t e m p e r a t u r e   r a n g e  

w i l l  p l a c e   a d d i t i o n a l   b u r d e n s   o n   t h e   s l i d i n g   c o m p a t i b i l i t y   o f   t h e   m a t e r i a l s .  The 

f a c t   t h a t   t h e s e   b e a r i n g s   a r e   s u p p o r t e d   o n   v e r y   t h i n   f i l m s   o f   g a s  means t h a t  

s u r f a c e  damage  and  wear m u s t  b e   k e p t   t o  a  minimum. 

Under c o n t r a c t  NAS 3-4179,  MTI h a d   p r e v i o u s l y   c o n d u c t e d  two e x p e r i m e n t a l   p r o g r a m s  

t o   e v a l u a t e   t h e   s l i d i n g   b e h a v i o r   o f   m a t e r i a l s   a n d   c o a t i n g s   f o r   u s e   a t   t e m p e r a t u r e s  

o f  350 F and 500 F i n   a r g o n   ( 1 , Z ) .  The r e s u l t s   o f   t h a t   w o r k   w e r e   a l s o   s u m m a r i z e d  

i n   t h e   o p e n   l i t e r a t u r e  ( 3 ) .  F o r   t e m p e r a t u r e s  up t o   a t   l e a s t  500 F ,  s e l f - b o n d e d  

c h r o m e   o x i d e   c o a t i n g s   o n   m e t a l l i c   s u b s t r a t e s   s h o w e d   o u t s t a n d i n g   r e s i s t a n c e   t o  

s u r f a c e  damage  and wear. 

The p u r p o s e   o f   t h i s   c u r r e n t   p r o g r a m ,   u n d e r   c o n t r a c t  NAS 3 - 9 4 3 3 ,   w a s   t o   s e l e c t  

a n d   e v a l u a t e   b e a r i n g   m a t e r i a l   c o m b i n a t i o n s   s u i t a b l e   f o r   u s e   i n   t h e   t e m p e r a t u r e  

range  f rom 900 F t o  1400 F .  M a j o r   e m p h a s i s   w a s   p l a c e d   o n   t h e   r e s i s t a n c e   o f   t h e s e  

m a t e r , i a l s  t o  s l i d i n g   d a m a g e ,   b u t   e f f o r t s   w e r e   a l s o  made t o   a s s e s s   o t h e r   f a c t o r s  

s u c h   a s   d i m e n s i o n a l   s t a b i l i t y .  
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T h i s  was, i n   e v e r y   s e n s e   o f   t h e   w o r d ,   a n   e x p l o r a t o r y   p r o g r a m .  It s t a r t e d   o u t   t o  

b e  a r e l a t i v e l y   s t r a i g h t - f o r w a r d  series o f   e v a l u a t i o n s   o f   t h e   s l i d i n g   b e h a v i o r  

o f  materials w h i c h   c o u l d   b e   u s e d   f o r   g a s   b e a r i n g   a p p l i c a t i o n s  a t  e l e v a t e d   t e m p e r a -  

t u r e s .  Yet, many p r a c t i c a l   p r o b l e m s   a n d   u n k n o w n s   t h a t   h a v e   t o   b e   f a c e d   i n   b u i l d i n g  

a n d   r u n n i n g  a f u l l  scale g a s   b e a r i n g   m a c h i n e  a t  h i g h   t e m p e r a t u r e  were e n c o u n t e r e d  

a n d   h a d   t o   b e   r e s o l v e d   d u r i n g   t h e   e x p e r i m e n t a l   w o r k .   I n   h i n d s i g h t ,  i t  seems 

d i f f i c u l t   e n o u g h   t o   b u i l d  a g a s   b e a r i n g   s y s t e m   t o   r u n  a t  h i g h   s p e e d   a n d  a t  g lowing  

r e d   h e a t   w i t h o u t   a d d i n g   i n   t h e   n e e d   t o   i m p a c t  i t  r e p e a t e d l y   t o  see how much a b u s e  

i t  wou ld   t ake .   However ,   t h i s  i s  p r e c i s e l y   t h e   t y p e   o f   i n v e s t i g a t i o n   t h a t   h a s   t o  

b e   u n d e r t a k e n   i n   o r d e r   t o   i n s u r e   t h a t   g a s   b e a r i n g s  are d e v e l o p e d   t h a t  w i l l  o p e r a t e  

r e l i a b l y   i n   B r a y t o n   c y c l e   m a c h i n e r y   a n d   t h a t  w i l l  b e   a b l e   t o   s u s t a i n   s u b s t a n t i a l  

s h o c k   a n d   o f f - d e s i g n   o p e r a t i n g   c o n d i t i o n s ,   w i t h o u t   r e s u l t i n g   i n  a m a c h i n e   f a i l u r e .  

T h i s   p r o g r a m  was d i v i d e d   i n t o  two p h a s e s .   P h a s e  I c o n s i s t e d  o f  two t a s k s   w h i c h  

i n v o l v e d   a n a l y s i s   a n d   d e s i g n   o f   h i g h   t e m p e r a t u r e   b e a r i n g s .   P h a s e  11, which i s  

t h e   s u b j e c t   o f   t h i s   r e p o r t ,  was a l s o   b r o k e n  down i n t o   t h e   f o l l o w i n g   t w o   t a s k s  : 

Task I11 - B e a r i n p  Materials S c r e e n i n g   S t u d y  

T h i s   t a s k   c o n s i s t e d   o f  a s t u d y   o f   t h e   l i t e r a t u r e   a n d   r e l a t e d   p r o g r a m s   t o   i d e n t i f y  

p o t e n t i a l l y   u s e f u l   s u b s t r a t e  materials, s o l i d   l u b r i c a n t   c o a t i n g s   a n d  wear resis-  

t t a n t   s u r f a c e   c o a t i n g s   s u i t a b l e   € o r   u s e  i n  g a s   b e a r i n g s   o p e r a t i n g   i n   a n   i n e r t   g a s  

a tmosphe re  a t  t e m p e r a t u r e s   f r o m  900 F t o  1400 F .  

Task  I V  - E x p e r i m e n t a l   E v a l u a t i o n   o f   B e a r i n P  Materws 

I n   t h i s   t a s k ,   s i x   b e a r i n g  material c o m b i n a t i o n s ,   s e l e c t e d   f r o m   t h e   s c r e e n i n g  

s t u d y  were e v a l u a t e d  a s  h y d r o d y n a m i c   j o u r n a l   a n d   t h r u s t   b e a r i n g s   i n   t h e   t e m p e r a t u r e  

r ange   f rom 900 F t o  1400 F .  B o t h   s t a r t - s t o p   a n d   h i g h   s p e e d   r u b  tes ts  w e r e   r u n   i n  

a n   a r g o n   e n v i r o n m e n t .  

T h i s   r e p o r t   s u m m a r i z e s   t h e   r e s u l t s   o f   t h e   w o r k   u n d e r   T a s k s  I11 and I V .  
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2-0 APPROACH TO THE PROBLEM 

To s a t i s f y   t h e   r e q u i r e m e n t s   o f   t h i s   t y p e   o f   a p p l i c a t i o n ,  i t  w a s  a n t i c i p a t e d  

t h a t   t h e   m a j o r   p r o b l e m  areas, as f a r  as materials were concerned ,   would   be  as 

f 0 1 lows : 

1. S l i d i n g   c o m p a t i b i l i t y   b e t w e e n   t h e   b e a r i n g   a n d   t h e   j o u r n a l  

d u r i n g   s t a r t s   a n d   s t o p s ,   o r   i n   t h e   e v e n t   o f  a h i g h - s p e e d   r u b .  

2. A l a c k   o f   u s e f u l   i n f o r m a t i o n   c o n c e r n i n g   t h e   d i m e n s i o n a l  

s t a b i l i t y   o f   m a t e r i a l s   a t   h i g h   t e m p e r a t u r e .  

3 .  A d e q u a t e   s t r e n g t h   o f   m a t e r i a l s  a t  h i g h   t e m p e r a t u r e .  

The r e s u l t s   o f   t h e   P h a s e  I11 B e a r i n g  Material S c r e e n i n g   S t u d y   o n   c a n d i d a t e  

m a t e r i a l s  are i n c l u d e d  as Appendix A o f   t h i s   r e p o r t .   I n   t h a t   s e c t i o n ,   t h e  

r e a s o n s   f o r   s e l e c t i n g   p a r t i c u l a r   c o m b i n a t i o n s   a r e   g i v e n   i n  some d e t a i l .  

H o w e v e r ,   t h e   g e n e r a l   p h i l o s o p h y   o f   u s i n g   c o a t i n g s   f o r   s u r f a c e   p r o t e c t i o n   a g a i n s t  

s l i d ing   damage ,   and   t he   t echn iques   wh ich  were u s e d   t o   e v a l u a t e   t h e s e   c o a t i n g s ,  

w a r r a n t   a d d i t i o n a l   e m p h a s i s   a t   t h i s   p o i n t   s i n c e   t h i s  i s  r e a l l y   t h e   f o c a l   p o i n t  

o f   t h i s   w o r k .  

2 . 1  The Use o f   C o a t i n g s  

I n   t h e   l a s t   f e w   y e a r s ,   t h e   i m p o r t a n c e   o f   s e l e c t i n g   g a s   b e a r i n g   m a t e r i a l s  

f o r  good s l i d i n g   b e h a v i o r   h a s   b e e n   r e c e i v i n g  some w e l l - d e s e r v e d   a t t e n t i o n .  

T h i s  i s  t h e   r e s u l t   o f   s e v e r a l   f a c t o r s   i n c l u d i n g   t h e   f o l l o w i n g :  

* The t r a n s i t i o n   o f   g a s   b e a r i n g s   f r o m   l a b o r a t o r y   c u r i o s i t i e s   t o  

p r a c t i c a l   s u p p o r t   s y s t e m s .  

- The  number o f   p r f ema tu re   f a i lu re s   wh ich  were caused  by  damage 

t o   b e a r i n g   s u r f a c e s   d u r i n g   a s s e m b l y   o r   b y   m o m e n t a r y   r u b s   d u e   t o  

u n s t a b l e   o p e r a t i o n .  

* The n e e d   f o r   g r e a t e r   r e l i a b i l i t y   i n   p r a c t i c a l   m a c h i n e r y .  

. The r e a l i z a t i o n   t h a t   g a s   b e a r i n g   m a c h i n e r y   w o u l d   h a v e   t o   b e  

c a p a b l e   o f   w i t h s t a n d i n g   s h o c k   a n d   v i b r a t i o n   i n  many 

a p p l i c a t i o n s .  
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The t r e n d   t o w a r d  se I f - a c t i n g   h y d r o d y n a m i c   b e a r i n g s .  

L i t t l e   h a s   b e e n   p u b l i s h e d   i n   t h e   o p e n   l i t e r a t u r e   o n   g a s   b e a r i n g  material 

c o m b i n a t i o n s .   R e f e r e n c e s  ( 4  t o  9 )  d e s c r i b e  some material e x p e r i e n c e  i n  

t h i s   a r e a   b u t   m o s t   o f   t h e s e  were b e a r i n g   d e s i g n   r a t h e r   t h a n   b e a r i n g  

m a t e r i a l   e v a l u a t i o n s ,   a n d   t h e   l o a d s ,   l i f t - o f f   s p e e d s  number  of s tarts and 

s t o p s ,   e t c .   a r e   n o t   r e p o r t e d .  Tab1.e I l is ts  a number o f   m a t e r i a l s   w h i c h  

were known t o   h a v e   b e e n   u s e d   i n   t h e  p a s t  i n   v a r i o u s   a p p l i c a t i o n s   i n   E n g l a n d ,  

F r a n c e ,   a n d   i n   t h e  U. S. W i t h   t h e   e x c e p t i o n   o f   t h e  DU,  t h e   c a r b o n   g r a p h i t e s  

a n d   t h e   s o l i d   l u b r i c a n t   f i l m s :   n o n e   o f   t h e s e   m a t e r i a l   c o m b i n a t i o n s   c o u l d  

s u r v i v e  a h i g h   s p e e d   r u b   a n d   m o s t   o f   t h e m   h a d   l i m i t e d   s t a r t - s t o p   c a p a b i l i t y .  

The DU a n d   t h e   c a r b o n - g r a p h i t e s   w e r e   d i f f i c u l t   t o   r e t a i n   a n d  made very   un-  

r e l i a b l e   g a s   b e a r i n g  systems w h i , l e   t h e   s o l i d   l u b r i c a n t   f i l m s   h a d   l i m i t e d   w e a r  

l i f e  a n d   c o u l d   o n l y   b e   a p p l i e d   e f f e c t i v e l y   o n   s t e e l   o r   b r o n z e   s u r f a c e s .  

I n   a d d i t i o n ,  a l l  o f   t h e s e   m a t e r i a l s   w e r e   v e r y   r e s t r i c t e d   i n   t e m p e r a t u r e  

c a p a b i l i t y .  

S o l i d   c e r a m i c s   o r   c e r m e t . s   h a v e   b e e n   u s e d   t o   s o l v e   t h i s   p r o b l e m   o f   s l i d i n g  

b e h a v i o r ,   p a r t i c u l a r l y   i n  small, h i g h   p r e c i s i o n   g a s   b e a r i n g s   s u c h   a s  

g u i d a n c e   g y r o s c o p e s ,   b u t   t h e   p r o b l e m s   o f   f a b r i c a t i n g   a n d   m o u n t i n g   t h e s e  

m a t e r i a l s   i n   l a r g e   m a c h i n e s   a r e   f o r m i d a b l e .   T h e s e   p r o b l e m s ,   c o u p l e d   w i t h  

t h e   f a c t   t h a t   t h e   m e c h a n i c a l   p r o p e r t i e s   o f   t h e s e   m a t e r i a l s   c o u l d   i m p o s e  

u n r e a s o n a b l e   l i m i t a t i o n s   o n   t h e i r   u s e  as h i g h   s p e e d   r o t a t i n g   c o m p o n e n t s  

d i s c o u r a g e   t h e i r   u s e   i n   l a r g e   b e a r i n g s .  

I n   t h e  ear ly  s t a g e s   o f   t h e  MTI work   on   gas   bear ing   machinery ,  i t  became 

a p p a r e n t   t h a t  some p rov i s ion   wou ld   have   t o   be  made t o   p r o t e c t .   b e a r i n g  

s u r f a c e s   f r o m   d a m a g e   p a r t i c u l a r l y   d u r l n g   h i g h   s p e e d   r u b s .  The g a s   b e a r i n g  

m a c h i n e   h a s   y e t   t o   b e   d e s i g n e d   t h a t   c a n   b e   b u i l t ,   a s s e m b l e d ,   a n d   r u n  

t h r o u g h   i n i t i a l   c h e c k - o u t   w i t h o u t   s u s t a i n i n g  some r u b b i n g   L o n r a c t s .  To 

r i s k  a   m a c h i n e   b y   i g n o r i n g   t h e   p o s s i b i l i t y   o f   s u r f a c e   d a m a g e   d u r i n g   s l i d i n g  

c o n t a c t s   w o u l d   b e   v e r y   f o o l h a r d y .   Y e t ,  I t  would  be e q u a l l y   i m p r a c t i c a l   t o  

d e s i g n  a   m a c h i n e   a r o u n d   m a t e r i a l s   w h i c h   w e r e   m e c h a n i c a l l y   u n s u i t a b l e   e x c e p t  

f o r   t h e   f a c t   t h a t .   t h e y   h a d   t . h e   a b i l i t y   t o   s l i d e   e f f e c t i v e 1 . y .   C o a t i n g s   o r  

s u r f a c e   t r e a t m e n t s   r e p r e s e n t . e d  t.he bes t   compromise .  This would p e r m i t  t h e  
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d e s i g n e r   t o   s e l e c t   a n   a l l o y   w i t h   a d e q u a t e   s t r e n g t h ,   c o r r o s i o n   r e s i s t a n c e  

a n d   d i m e n s i o n a l   s t a b i l i t y   f o r   t h e   s h a f t ,   b e a r i n g s   a n d   a n y   o t h e r   c r i t i c a l  

s t r u c t u r a l  members .   Then ,   su r f ace   coa t ings   cou ld   be   u sed   t o   ach ieve   good  

s l i d i n g   c o m p a t i b i l i t y   a n d   a n y   o t h e r   s u r f a c e   p r o p e r t i e s   w h i c h   m i g h t   b e  re- 

q u i r e d .   T h i s   a p p r o a c h   m i n i m i z e s  many d e s i g n   p r o b l e m s   s u c h   a s   m a t c h i n g  par ts  

f o r   d i f f e r e n t i a l   t h e r m a l   e x p a n s i o n   a n d   t h e   m o u n t i n g   o r   p o s i t i o n i n g   o f  

components .  Its c h i e f   v a l u e   l i e s   i n   t h e   f a c t   t h a t  i t  g i v e s   t h e   d e s i g n  

e n g i n e e r   a d e q u a t e   l e e w a y   t o   c h o o s e   t h e   b e s t   a v a i l a b l e  materials w i t h o u t  

h a v i n g   t o  make d e s i g n   c o m p r o m i s e s   s i m p l y   b e c a u s e   o f   s l i d i n g   b e h a v i o r .   I n  

a d d i t i o n ,   t h e   v a r i e t y   o f   c o a t i n g   m a t e r i a l s   w h i c h  are a v a i l a b l e  makes i t  

p o s s i b l e   t o   s e l e c t   t h e   b e s t   m a t e r i a l s   f o r   a l m o s t   a n y   e n v i r o n m e n t .  

The c o a t i n g   m a t e r i a l s   w h i c h   h a v e   p r o v e d   t o   b e   m o s t   s u c c e s s f u l   t o   d a t e   f a l l  

i n t o  two g e n e r a l   c a t e g o r i e s :  

Low s h e a r   s t r e n g t h ,   s o l i d   l u b r i c a n t   f i l m s  

H a r d ,   w e a r - r e s i s t a n t   c o a t i n g s  

T h e   f o r m e r   c a t e g o r y   i n c l u d e s   s u c h   f i l m s   a s   r e s i n   o r   c e r a m i c   b o n d e d  MoS 

a n d   g r a p h i t e   a s   w e l l   a s   s o f t ,   c o m p l e x   e u t e c t i c   c o a t i n g s   s u c h   a s   t h e  NASA 

f l u o r i d e  f i l m s  . 

2 

The l a t t e r   c a t e g o r y  o f   h a r d   c o a t i n g s   c o v e r s   b 0 t . h   d i f f u s i o n   t r e a t m e n t s   s u c h  

a s   n i t r i d i n g ,   c h r o m i z i n g ,   e t c . ,   a n d   a l s o   a p p l i e d   c o a t i n g s   s u c h   a s   e l e c t r o -  

p l a t i n g s   o r   p l a s m a - s p r a y e d   c o a t i n g s .   ( T h i s   d i s t i n c t i o n  may be  more  apparent 

t h a n   r e a l ,   b e c a u s e  i t  i s  l i k e l y   t h a t   a l l   p l a s m a   c o a t i n g s   a r e   a l s o  bonded t o  

t h e   s u b s t r a t e   b y   d i f f u s i o n   m e c h a n i s m s .   H o w e v e r ,   t h i s  i s  a c o n v e n i e n t  way 

t o   c l a s s i f y   t h e s e   c o a t i n g s . )  

E x p e r i e n c e   w i t h   d i f f u s i o n   t r e a t m e n t s ,   p a r t i c u l a r l y   n i t r i d i n g ,   h a s   b e e n   v e r y  

u n f a v o r a b l e .   T h e s e   s u r f a c e s   h a v e   v e r y   p o o r   s l i d i n g   c o m p a t i b i l i t y  as 

c o m p a r e d   t o   t h e   p l a s m a - s p r a y e d   c o a t i n g s   s u c h   a s   t h e   o x i d e s   o r   c e r m e t s .  

Ano the r   ma jo r   advan tage   o f   p l a sma-sp rayed   coa t ings  i s  t h e   f a c t   t h a t   t h e y  

c a n   b e   a p p l i e d   t o   a l m o s t   a n y  t y p e  of m e t a l l i c   s u b s t r a t e .  
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F o r   t h e   r e a s o n s   c i t e d   a b o v e ,  MTI h a s   c o n c e n t r a t e d  i t s  e f f o r t s  on t h e   u s e   o f  

p l a s m a   c o a t i n g s   i n   a l l   g a s   b e a r i n g   m a c h i n e r y   a n d   t h e   m a j o r   e f f o r t   i n   t h i s  

program was d i r e c t e d   t o w a r d   f i n d i n g   c o a t i n g   c o m p o s i t i o n s   w h i c h   c o u l d   b e   u s e d  

a t  h igh   tempera t7Jre .  

2 . 2  E v a l u a t i o n   T e s t   T e c h n i q u e s  

I n   c o n j u n c t i o n   w i t h   t h i s  w o r k   o n   t h e   s e l e c t i o n   o f   c o a t i n g s ,   s p e c i a l  tes t  

t e c h n i q u e s   h a v e   a l s o   b e e n   d e v e l o p e d   t o   e v a l u a t e   t h e s e   c o a t i n g s   u n d e r   r e a l i s t i c  

b e a r i n g   c o n d i t i o n s .   I n   t h e   p a s t ,   t h e   s e l e c t i o n   o f   g a s - b e a r i n g   m a t e r i a l  

c o m b i n a t i o n s   h a s   b e e n  made u s i n g   t e s t   d a t a   f r o m   c o n v e n t i o n a l   f r i c t i o n   a n d  

w e a r   b e n c h   t e s t s .   W h i i e   t h e s e   t e s t s   h a v e   b e e n   f o u n d   t o   b e   u s e f u l   f o r  

s c r e e n i n g   c a n d i d a t e s ,   e x p e r i e n c e   h a s  shown t h a t   t h e y  do n o t   t r u l y   s i m u l a t e  

t h e   p r o b l e m s   e n c o L n t e r e d   i n  a g a s   b e a r i n g .  Some m a t e r i a l s   h a v e   g i v e n  

e x c e l l e n t   r e s u l t s ,   e v e n   a t   h i g h   s l i d i n g   v e l o c i t y ,   i n   b e n c h   t e s t   m a c h i n e s .  

However,  when t h e s e  same m a t e r i a l s   w e r e   u s e d   i n   a n   a c t u a l   g a s   b e a r i n g ,   c a -  

t a s t r o p h i c   f a i l u r e s   t o o k   p l a c e   d u r i n g   h i g h - s p e e d   r u b s .  

The r e a s o n   f o r   t h i s   b e h a v i o r  i s  u n d e r s t a n d a b l e .  F i r s t  o f   a l l ,   i n  a gas  

b e a r i n g   t h e   e f f e c t   o f   w e a r   o r   t h e   s u r f a c e  damage on h y d r o d y n a m i c   b e a r i n g  

o p e r a t i o n  is  t h e   p r i m a r y   c o n s i d e r a t i o n .   T h i s  i s  n o t   p r e d i c t a b l e   i n   a n y  way 

f r o m   s i m p l e   s l i d i n g   t e s t s .   S e c o n d l y ,   t h e   s l i d i n g   c o n d i t i o n s   a r e   d i f f e r e n t  

i n   g a s - l u b r i c a t e d   b e a r i n g s   w h e r e   t h e   s l i d i n g   t i m e   i n   c o n t a c t  i s  s h o r t  and 

t h e r e   a r e   d e f i n i t e   l i m i t i n g   c l e a r a n c e s .   I n   c o n t i n u o u s   s l i d i n g ,   t h e r e  may be 

some i n i t i a l   s u r f a c e  damage  which i s  o b l i t e r a t e d   i n   t i m e .  From  bench 

t es t s ,  s u c h   m a t e r i a l s  may a p p e a r   s a t i s f a c t . o r y ,   w h i l e   i n  a b e a r i n g  t e s t ,  

f a i l u r e   c a n   r e s u l t .  The c l e a r a n c e   a n d   t h e   g e o m e t r y   o f   t h e   b e a r i n g  w i l ;  

u l t i m a t e l y   d e t e r m i n e   t h e  amount.  and t y p e  of  damage o r   l o o s e   d e b r i s   w h i c h  

may b e   t o l e r a t e d   w i t h o u t   s e i z u r e .  

A s  a resu l t  of t h i s  e x p e r i e n c e ,  a g a s - b e a r i n g   t e s t .   h a s   b e e n   d e w l o p e d  t o  

e v a l u a t e   p r o m i s i n g   m a t e r i a l s   u n d e r   r e a l i s t i c   b e a r i n g   c o n d i t  ims .  F o r  

t i l t i n g - p a d   j c u r n a l   b e a r i n g   s t u d i e s ,   t h e   t e s t   c o n s i s t s   o f  a s i n g l e ,  

s e l f - a c t i n g   t i l t i n g - p a d   w h i c h  i s  dead-we igh t   l oaded   aga ins t .   t . he   j ou rna l .  

T h r u s t   b e a r i n g   e v a l u a t i o n s   a r e  made  by u s i n g  a s e l f - a c t i n g  t h r u s t  b e a r i n g  
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w i t h  a W h i p p l e   g r o o v e   p a t t e r n ,   r u n n i n g   a g a i n s t  a d e a d - w e i g h t   l o a d e d ,   f l a t  

t h r u s t   c o l l a r .   B o t h   s t a r t - s t o p   a n d   h i g h   s p e e d   r u b  tests are made t o  

e v a l u a t e   t h e   d u r a b i l i t y   o f   t h e   b e a r i n g s .   S p e c i a l i z e d   i n s t r u m e n t a t i o n  is 

u s e d   t o   m e a s u r e   t h e   i m p o r t a n t   v a r i a b l e s   i n   t h e s e  tests..  E s s e n t i a l l y ,   t h i s  

e q u i p m e n t   m e a s u r e s   t h e   e f f e c t   o f   s l i d i n g   o n   t h e   s u b s e q u e n t   h y d r o d y n a m i c  

b e a r i n g   p e r f o r m a n c e .  

I n   t h e   s e c t i o n   o n  Test Equ ipmen t ,   t he  test r i g  is  d e s c r i b e d   i n   g r e a t e r  

d e t a i l .  

2 . 3  P r e v i o u s   E x p e r i e n c e   o n   C o a t i n g s  

As n o t e d   i n   t h e   I n t r o d u c t i o n ,   u n d e r   a n   e a r l i e r  NASA c o n t r a c t ,  MTI had i n v e s t i g a t e d  

t h e   f e a s i b i l i t y   o f   u s i n g   c o a t i n g s   t o   p r o t e c t   t h e   s u r f a c e  of  b e a r i n g s  

o p e r a t i n g   a t   t e m p e r a t u r e s   f r o m  350 F t o  500 F ( 1 - 3 ) .   I n   t h o s e   s t u d i e s ,  

t h e   f o l l o w i n g   c o m b i n a t i o n s   w e r e   e v a l u a t e d :  

B e a r i n g  J o u r n a l m p .  Su r f   ace  ~~ E n v i r o n m e n t   S t r e s s  

Resin  bonded MoS2 H a r d e n e d   S t e e l  75 F A i r  4 p s i  
s o l i d   l u b r i c a n t  300 F Argon 
f i l m   ( a )  

P l a sma   sp rayed  Same a s   b e a r i n g  75 F Air and 4 p s i  
chrome  ox ide   (b)   Ni t rogen  

300 F Argon 

Flame p l a t e d   F l a m e   p l a t e d  75 F Air 
n i c k e l   b o n d e d  A1203 ( b )  300 F Argon 
t u n g s t e n   c a r b i d e   ( b )  ~~ - 

DU (') Plasma s p r a y e d  300 F Argon 2.4 psi 
molybdenum  (b) 

4 p s i  

.~ 

hardened  "50 Flame   p l a t ed  500 F Argon 4 p e i  
t o o l  s teel  c o b a l t   b o n d e d  

t u n g s t e n   c a r b i d e ( b )  - ~~ " 

( a )   T h i s   c o a t i n g  was l apped  down t o  a t h i c k n e s s   o f   0 . 0 0 0 1 - 0 . 0 0 0 2   i n c k e r  

( b )   T h e s e   w e r e   c o a t i n g s ,  0.003 i n c h e s   t h i c k ,   o n  metal s u b e t r r t r r  
( c )  A p r o p r i e t a r y   c o m p o s i t i o n  made  by G l a c i e r  Metale L td .  Conrirtr  o €  

b e f o r e   t e s t i n g .  

s p h e r i c a l   p a r t i c l e s   o f   b r o n z e   s i n t e r e d   t o  a t h i n   e t e e l   b a c k i n g .  
P o r o u s   b r o n z e   s u r f a c e   t h e n   i m p r e g n a t e d   w i t h   T e f l o n   a n d   l e a d .  
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I n  t h e   s t a r t - s t o p  tes ts ,  t h e  materials ranked  i n  o r d e r   o f   d e c r e a s i n g   e f f e c -  

t i v e n e s s  as f o l l o w s  : 

B e a r i n g   S u r f a c e   J o u r n a l   S u r f a c e  

1. Plasma-sprayed   chrome  ox ide  Same as b e a r i n g  

2 .   F l ame   p l a t ed   n i cke l -bonded  F l a m e   p l a t e d  A1203 

t u n g s t e n   c a r b i d e  

3 .  Resin   bonded  MoS2 f i l m  

4 .  DU 
* Hardened s teel  

Molybdenum  coa t ing  

5. Hardened " 5 0  steel  F l a m e   p l a t e d   t u n g s   t e n   c a r b i d e  

'k Run a t  stress o f   2 . 4   p s i   i n s t e a d   o f  4 p s i .  

I n   t h e   h i g h   s p e e d  t es t s ,  o n l y   t h e   s e l f - m a t e d   c h r o m e   o x i d e   a n d   t h e  DU showed 

real  p romise .   The   ch rome   ox ide   coa t ing  was a b l e   t o   s u r v i v e   o v e r  a hundred  

h i g h   s p e e d   r u b s  a t  v a r i o u s   s h o c k   l o a d s   w i t h o u t   a n y   a p p a r e n t   d a m a g e .  The 

c o n t a c t  areas were s m o o t h   a n d   h i g h l y   p o l i s h e d  a s  shown i n   F i g .  1. F o r  

c o n t r a s t ,   F i g .  2 s h o w s   t h e   s e v e r e   a b r a s i o n   w h i c h   o c c u r r e d   w i t h   t h e   t u n g s t e n  

c a r b i d e   c o a t e d   p a d   r u n n i n g   a g a i n s t   t h e  A l 2 O 3  c o a t e d   j o u r n a l .   T h e  DU material 

was v e r y   e f f e c t i v e   d u r i n g   t h e   h i g h   s p e e d   r u b s ,   b u t   g a v e   v e r y   p o o r   r e s u l t s   i n  

t h e   s t a r t - s t o p  tes ts .  T h i s ,   c o u p l e d   w i t h   t h e   f a c t   t h a t   t h e  material was 

d i f f i c u l t   t o   f a b r i c a t e   a n d   r e t a i n ,  makes i t  a p o o r   c h o i c e   f o r   g a s   b e a r i n g  

usage .  

The r e s i n   b o n d e d  MoS2 f i l m  was e f f e c t i v e  a s  long  a s  t h e   f i l m   r e m a i n e d   i n t a c t  

b u t ,   i n   b o t h   t h e   s t a r t - s t o p  t e s t s  a n d   t h e   h i g h   s p e e d   r u b  t es t s ,  metal t r a n s f e r  

a n d   s c o r i n g  was n o t e d   b e f o r e   t h e   e n d   o f   t h e   r u n .  It was f e l t   t h a t   t h e  u s e  o f  

a s o l i d   l u b r i c a n t   f i l m   a p p l i e d   o v e r   o n e   o f   t h e   p l a s m a - s p r a y e d   c o a t i n g s   w o u l d  

be  a b e t t e r   a p p r o a c h .   T h i s   w o u l d   r e d u c e   t h e   f r i c t i o n   c o n s i d e r a b l y   a n d   t h u s  

m i n i m i z e   t h e   a m o u n t   o f   h e a t   g e n e r a t e d   d u r i n g  a h i g h   s p e e d   r u b .  It would a l s o  

r e d u c e   s t a r t i n g   t o r q u e   p r o b l e m s   i n   h y d r o d y n a m i c   b e a r i n g   s y s t e m s .   F i g u r e  3 

shows a b e a r i n g   p a d  was c o a t e d   w i t h   c h r o m e   o x i d e   p l u s  a r e s i n   b o n d e d  MoS2 

f i l m   o n   t o p   o f   t h e   c h r o m e   o x i d e .   T h i s   p a d  was s u b j e c t e d   t o  100 h i g h   s p e e d  

r u b s  a t  48 ,000  rpm i n  a i r  a t  room t e m p e r a t u r e .   T h e   o r i g i n a l   g r i n d i n g   m a r k s  

a re  s t i l l  v i s i b l e  and t h e r e   d o e s   n o t   a p p e a r   t o   h a v e   b e e n   a n y  wear. Even i f  

t h e  MoS2 coa t ing   had   been   worn   away ,   t he   ch rome   ox ide   coa t ing   wou ld  s t i l l  

h a v e   b e e n   e f f e c t i v e   i n   p r e v e n t i n g   s u r f a c e   d a m a g e .  



" 

It i s  i m p o r t a n t   t o   n o t e   t h a t   s u b s e q u e n t   e x p e r i e n c e   i n   f u l l  scale g a s   b e a r i n g  

m a c h i n e r y   h a s   d e m o n s t r a t e d   t h a t   e s s e n t i a l l y   t h e  same r e s u l t s  are o b t a i n e d   w i t h  

c o m p l e t e   b e a r i n g   s y s t e m s  a s  are o b t a i n e d   o n   t h e   s i n g l e   p a d   b e a r i n g  tests.  

For   example ,   unde r  Navy c o n t r a c t  ( l o ) ,  MTI h a s   b e e n   e v a l u a t i n g   t h e   e f f e c t   o f  

s h o c k   l o a d s   o n   g a s   b e a r i n g   p e r f o r m a n c e .   T h e  tes t  r i g   c o n s i s t s   o f  a 2.375 i n c h  

d i a m e t e r   m o t o r - d r i v e n   s h a f t ,   w e i g h i n g  65 pounds,   which i s  mounted  on  two 

t i l t i n g  p a d   j o u r n a l   b e a r i n g s   a n d   t w o   t h r u s t   b e a r i n g s .   T h e   s h a f t  i s  b r o u g h t  

up t o  a speed   o f  8,000 rpm,  and  impact   loads are a p p l i e d   t o   t h e   b a s e  o f  t h e  

m c h i n e   b y   m e a n s   o f  a pendulum  hammer.   Accelerometers ,   mounted  on  the  machine 

c a s i n g ,   s e n s e   t h e   g - l e v e l s   t o   w h i c h   t h e   m a c h i n e  i s  s u b j e c t e d .   C a p a c i t a n c e  

p r o b e s   a r e   u s e d   t o   m o n i t o r   t h e   p e r f o r m a n c e   o f   t h e   b e a r i n g s .  

Gas l u b r i c a t e d   j o u r n a l   a n d   t h r u s t   b e a r i n g s ,   c o a t e d   w i t h   c h r o m e   o x i d e ,   h a v e  

b e e n   s u b j e c t e d   t o  1400 i m p a c t s   o f  40 g ' s  on t h e   c a s i n g   w i t h o u t   d e s t r o y i n g  

t h e   b e a r i n g s .   B o t h   h y d r o s t a t i c   a n d   h y d r o d y n a m i c   b e a r i n g s  were e v a l u a t e d .  

A p h o t g r a p h   o f   o n e  se t  o f   t h e   h y d r o d y n a m i c   b e a r i n g   p a d s   a n d   j o u r n a l s  i s  

shown a s   F i g .  4 .  T a l y s u r f   t r a c e s   o f   t h e  wear a r e a s  show o n l y   s l i g h t   c h a n g e  

i n   s u r f a c e   f i n i s h   a l t h o u g h   t h e   b e a r i n g s   a r e   d e f i n i t e l y   w o r n .  The h y d r o s t a t i c  

b e a r i n g s  were i n   e v e n   b e t t e r   c o n d i t i o n .  

Chrome o x i d e   c o a t i n g s   h a v e   a l s o   b e e n   u s e d   i n  a number  of MTI g a s   b e a r i n g   m a c h i n e s ,  

i n c l u d i n g   t h e   g a s - l u b r i c a t e d   a x i a l   f l o w   t u r b o c o m p r e s s o r   s i m u l a t o r   w h i c h   w a s  

b u i l t  by MTI u n d e r   s u b c o n t r a c t   t o   P r a t t  & W h i t n e y   A i r c r a f t   f o r   t h e  NASA 

Lewis   Resea rch   Cen te r  (11) a n d   f o r   t h e   w a t e r - l u b r i c a t e d   b e a r i n g s  of  t h e  

c i r c u l a t o r   b e i n g   b u i l t  b y   G e n e r a l   A t o m i c   f o r   t h e   C o l o r a d o  G a s   a n d   E l e c t r i c  

Company. 

2.4 C a n d i d a t e   M a t e r i a l s   f o r   H i g h   T e m p e r a t u r e   B e a r i n g   C o a t i n p s  

Chrome o x i d e  i s  v e r y   s t r i c t - l y  l i m i t e d  t o   u s e   b e l o w   1 0 0 0  F b e c a u s e  of thermal  

s p a l l i n g .  A t  t e m p e r a t u r e s   j u s t   o v e r   1 0 0 0   F ,   t h e   c o a t i n g   b e g i n s   t o  show 

s p a l l i n g   a t   t h e   e d g e s   o f   t h e   b e a r i n g .  A t  1200 F a n d   a b o v e ,   t h e   c o a t i n g  

b e c o m e s   l o o s e   a n d   p o w d e r y ,   i n d i c a t i n g   t h a t   t h e   p a r t i c l e   t o   p a r t i c l e  bond i s  

a l s o   b e i n g   d e s t r o y e d .  
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Under A i r  F o r c e   C o n t r a c t   ( 1 2 ) ,  MTI r e c e n t l y   c o n c l u d e d  a s t u d y   o f   c o a t i n g  

materials f o r   u s e   i n  a i r  a t  t e m p e r a t u r e s   u p   t o  a t  l eas t  1600 F .  Based  on 

t h e   r e s u l t s ,   t h e   f o l l o w i n g  materials showed  promise: 

S e l f   b o n d e d  A l 2 O 3  

S t e l l i t e  6 

Nicke l   ch rome-bonded   ch rome   ca rb ide  

S i n c e   t h e  NASA work was c o n c e r n e d   w i t h   a n   i n e r t   g a s   e n v i r o n m e n t ,   t h i s   o p e n e d  

u p   t h e   p o s s i b i l i t y   t h a t   o t h e r  materials w h i c h   h a d   g o o d   s l i d i n g   c h a r a c t e r i s -  

t i c s  b u t   p o o r   o x i d a t i o n   r e s i s t a n c e   s u c h  as t u n g s t e n   c a r b i d e ,   c o u l d   a l s o   b e  

i n c l u d e d   i n   t h i s  l i s t .  

The r e s d l t s   o f   t h e   i n i t i a l   w o r k  on t h e   s i n g l e ,   t i l t i n g  pad  bear ing  had  shown 

t h a t  many o f   t h e   h a r d - c o a t e d   m a t e r i a l s  were a b l e   t o   s u r v i v e   t h e   t h o u s a n d  

s t a r t - s t o p  t e s t s  w i t h  l i t t l e  o r  no measu rab le   su r f ace   damage .   However ,   i n  

t h e   h i g h   s p e e d   r u b  tes ts ,  i t  was f o u n d   t h a t   a n y   b e a r i n g  material  wh ich  was 

m e t a l l i c   o r   c o n t a i n e d  a metall ic b i n d e r   ( s u c h  as t h e   n i c k e l - b o n d e d   t u n g s t e n  

c a r b i d e ) w o u l d   t r a n s f e r  metal t o   t h e   j o u r n a l   s u r f a c e .   T h i s   t r a n s f e r r e d  metal 

t h e n   c a u s e d   s c o r i n g   o r   w e l d i n g .  
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must  wear i n   t h e   f o r m   o f   f i n e ,   d i s c r e t e   p a r t i c l e s   r a t h e r   t h a n   f r a c t u r e   a n d   p r o d u c e  

l a r g e   a g g l o m e r a t e s ,   b u t   t h e   c o n d i t i o n s   w h i c h   c o n t r o l   t h e  wear p r o c e s s   a n d   p a r t i c l e  

s i z e  are n o t  well  d e f i n e d .   D e n s i t y  i s  known t o   a f f e c t   t h e  wear c h a r a c t e r i s t i c s  

of t h e   c o a t i n g s ,   a n d  i t  h a s   b e e n   f o u n d   t h a t   v e r y   d e n s e   c o a t i n g s  are n o t  as e f f e c t i v e  

as c o a t i n g s   w i t h  some d e g r e e   o f   p o r o s i t y .   T h e   p o r o s i t y   c o u l d   b e   p a r t   o f   t h e   k e y  

t o   c o n t r o l l i n g   t h e   s i z e   o f   t h e  wear p a r t i c l e s .   I n   a d d i t i o n ,   t h e   p o r e s   i n   t h e  

s u r f a c e   c a n  t rap  par t ic les  and   min imize   the   amount   o f   loose  material  i n   t h e   b e a r i n g  

c l e a r a n c e .   F i g u r e  5 s h o w s   t h e   r e s u l t s   o f   h i g h   s p e e d   r u b  t e s t s  on   chrome  ox ide  

c o a t i n g s   o f   d i f f e r e n t   d e n s i t i e s .  The h i g h   d e n s i t y   c o a t i n g   s h o w s   c o n s i d e r a b l e   a b r a s i o l , ,  

w h i l e   t h e   l o w e r   d e n s i t y   c o a t i n g  i s  s m o o t h   a n d   p o l i s h e d   i n   t h e   c o n t a c t   a r e a .  

A t  t h i s   p o i n t ,  more  thought  was g i v e n   t o   t h e   h y p o t h e s i s   t h a t   s e l f - b o n d e d   c e r a m i c  

c o a t i n g s  were t h e   m o s t   l i k e l y  materials t o  res i s t  h i g h   s p e e d   r u b s .   I f  two d i f f e r e n t  

c o a t i n g s  were b e i n g   u s e d  on t h e   j o u r n a l   a n d   b e a r i n g   s u r f a c e s ,   o n e  a s e l f   b o n d e d  

c e r a m i c   a n d   t h e   o t h e r  a metal b o n d e d   c a r b i d e   o r   o x i d e ,  i t  was a n t i c i p a t e d   t h a t   t h e  

r e l a t i v e   p o s i t i o n s   o f   t h e   c o a t i n g s   c o u l d   h a v e  a s i g n i f i c a n t   i n f l u e n c e   o n   t h e   s l i d i n g  

b e h a v i o r .  The r e a s o n i n g   b e h i n d   t h i s  was as f o l l o w s :  

I f   t h e   b e a r i n g  pad i s  i m p a c t e d  a g a i n s t   t h e   j o u r n a l ,   t h e   c o n t a c t   a r e a  on t h e  

j o u r n a l  i s  c o n t i n u o u s l y   c h a n g i n g  as  t h e   s h a f t  i s  r o t a t i n g .  However,   the 

c o n t a c t   a r e a  on t h e  pad i s  e s s e n t i a l l y   f i x e d .   T h i s  means t h a t   t h e r m a l l y  

i n d u c e d   s l i d i n g   e f f e c t s   c a n   b e   a p p r e c i a b l y   d i f f e r e n t   d e p e n d i n g  on  w h e t h e r  

t h e   m e t a l l i c   c o n s t i t u e n t  i s  o n   t h e   b e a r i n g   a n d   t h e   n o n - m e t a l l i c   c o a t i n g  

i s  o n   t h e   j o u r n a l ,   o r   v i c e   v e r s a .  

The h e a t   g e n e r a t e d  by f r i c t i o n ,  Q = where f = f r i c t i o n  
L = l o a d  
V = v e l o c i t y  
J = m e c h a n i c a l   e q u i v a l e n t  of  h e a t  

T h e   s u r f a c e   t e m p e r a t u r e   d e p e n d s  on t h e  way t h a t   t h i s   h e a t  i s  d i s s i p a t e d   f r o m   t h e  

s u r f a c e .   I f   t h e   g e o m e t r i e s   a r e   i d e n t i c a l ,   t h e n   t h e   s u r f a c e   t e m p e r a t u r e  T a - f LV 
2AK 

where A = area 
K = t h e r m a l   c o n d u c t i v i t y  

F o r   t h e  case o f  a p r a c t i c a l  b e a r i n g   s y s t e m ,   w h e r e  a f i x e d   a r e a  o n   t h e   b e a r i n g  i s  

c o n t i n u a l l y   i n   c o n t a c t   w i t h  a mov ing   con tac t  area on t h e   j o u r n a l ,   t h e   p r o b l e m  
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becomes much  more c o m p l e x ,   p a r t i c u l a r l y   f o r   t h e  case w h e r e   t w o   d i f f e r e n t   c o a t i n g s ,  

w i t h   m a r k e d l y   d i f f e r e n t   t h e r m a l   c o n d u c t i v i t i e s   a n d   d i f f u s i v i t i e s ,   a r e   b e i n g   u s e d .  

It i s  d i f f i c u l t   t o   p r e d i c t  how t h e   s u r f a c e   t e m p e r a t u r e  w i l l  a f f e c t   t h e   s l i d i n g  

b e h a v i o r .   I n  some c a s e s ,   h i g h   c o n t a c t   t e m p e r a t u r e s   m i g h t   r e s u l t  i n  h e a v y   m a t e r i a l  

w e l d i n g   a n d   t r a n s f e r ,   i n   o t h e r s ,  i t  m i g h t   s i m p l y   r e d u c e   t h e   s h e a r   s t r e n g t h   o f   t h e  

s u r f a c e  a spe r i t i e s  a n d   g i v e   l o w e r   f r i c t i o n .  

One of t h e   g o a l s  of  t h e   b e a r i n g  t e s t s  w a s   t o   e v a l u a t e   t h i s   e f f e c t   e x p e r i m e n t a l l y .  
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3 . O  TEST  EQUIPMENT AND TEST PROCEDURE 

3.1 T e s t  R i g  

A l a y o u t   d r a w i n g   o f   t h e  test r i g  is  shown i n   F i g .  6 as  MTI Drawing No. 186501. 

I n   t h e   f o l l o w i n g   v e r b a l   d e s c r i p t i o n ,   t h e   n u m b e r s   i n   p a r e n t h e s e s  refer t o   t h e  

p a r t   n u m b e r s   s h o w n   o n   t h e   l a y o u t   d r a w i n g .  

E s s e n t i a l l y ,   t h i s  r i g  c o n s i s t e d   o f  a s u p p o r t   s h a f t  (1) mounted  on  two  high 

s p e e d ,   p r e l o a d e d ,   a n g u l a r   c o n t a c t   b e a r i n g s  ( 2 ) .  A Rene 41 h e a t  dam (3)  was 

s h r u n k   o n   o n e   e n d   o f   t h e   s u p p o r t   s h a f t   o u t b o a r d   o f   t h e   b a l l   b e a r i n g   m o u n t s .  

T h e   a c t u a l  t e s t  s h a f t   ( 4 )  was t h e n  sg;unk o n   t h e   o t h e r   e n d  of the   Rene  41 

e n d   c a p  (5) and   t he   who le   a s sembly  was p u l l e d   t o g e t h e r   w i t h  a Rene 41 t i e  

b o l t  (6) which was t h r e a d e d   i n t o   t h e   s u p p o r t   s h a f t  (1). Only   t he   ove rhung  

test  s h a f t   ( 4 )   a n d   t h e   R e n e   4 1   h e a t  dam (3 )  were i n   t h e   h o t   z o n e .  Heat 

b a f f l e s  ( 7 )  were u s e d   t o   i n t e r r u p t   t h e   f l o w   o f   h e a t   o u t   o f   t h i s  area,. The 

e n t i r e   s u p p o r t   s h a f t   a n d   b a l l   b e a r i n g   s y s t e m  w a s  e n c l o s e d   i n  a w a t e r - c o o l e d  

h o u s i n g  . {8>.  L u b r i c a t i o n   € o r   t h e   b a l l   b e a r i n g s  was p r o v i d e d   b y   a n   a i r - o i l  

m i s t .  T h i s   a i r - o i l  m i s t  was s u p p l i e d   t h r o u g h   p o i n t  (10) o n   t h e   d r a w i n g .  

D o u b l e   l a b y r i n t h  seals (9)  b l o c k e d   t h e   a f t - o i l  mist f r o m   t r a v e l i n g  down t h e  

t e s t   s h a f t   a n d   i n t o   t h e  t e s t  c h a m b e r .   I n   a d d i t i o n ,   p r e s s u r i z e d   a r g o n   g a s  

was s u p p l i e d   b e t w e e n   t h e   d o u b l e   l a b y r i n t h  Seals  thzlough  point   (11)  a t  a h i g h e r  

p r e s s u r e   t h a n   t h e   a i r - o i l  mist, t h u s   c r e a t i n g   a n   a d d i t i o n a l   b a r r i e r   t o   o i l  

l e a k a g e   i n t o   t h e   h o t   z o n e .  

The t i l t i n g  pad t e s t  b e a r i n g  (12) was d e a d  w e i g h t - l o a d e d  down a g a i n s t   t h e  

t e s t  s h a f t   ( 4 ) .  A S t e l l i t e   b a l l   p i v o t   ( 1 3 )   o n   t h e   b a c k   o f   t h e   t i l t i n g  pad 

b e a r i n g   p r o v i d e d   € o r   s e l f - a l i g n m e n t  of t h e   b e a r i n g .  Load was a p p l i e d   b y  

means   o f   dead   we igh t s   moun ted   on   t op   o f  a v e r t i c a l   l o a d  arm ( 1 4 ) .   T h i s  arm 

was s u p p o r t e d   i n  a p l a i n   g u i d e   b u s h i n g  (15). 
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F i g u r e  7 i s  a pho tograph  of  t h e  test r i g  as set  u p   f o r   t h e   t i l t i n g  pad b e a r -  

i n g  t es t s ,  e x c e p t   f o r   t h e   e n c l o s u r e   w h i c h  was u s e d   € o r   t h e   a r g o n   b l a n k e t i n g .  

F o r   t h e   t h r u s t   b e a r i n g  t e s t ,  t h e  rear r i g  was t i l t e d  90° so t h e   b e a r i n g   c o u l d  

b e   r u n   i n   t h e   v e r t i c a l   p o s i t i o n .   I n   t h a t   o r i e n t a t i o n ,  t h e  r u n n e r  (16)  was dead  

w e i g h t - l o a d e d  down a g a i n s t   t h e   t h r u s t   b e a r i n g   s t a t o r  ( 1 7 ) .  The t h r u s t   b e a r i n g  was 

mounted  on a S t e l l i t e   b a l l   p i v o t   i n   t h e   c e n t e r   o f   t h e   b a c k   f . a c e   t o  make t h e  

b e a r i n g   s e l f - a l i g n i n g .  A p h o t o g r a p h   o f   t h e  test  r i g , s e t   u p   f o r   t h e   t h r u s t  

b e a r i n g  t e s t s , i s  shown i n   F i g .  8 .  

T h e   s h a f t  was d r i v e n  by  two s y s t e m s ,   d e p e n d i n g   o n   t h e  t e s t .  F o r   s t a r t - s t o p  

t e s t s ,  a 3400 rpm e l e c t r i c  moto r  was a t t a c h e d   d i r e c t l y   t o   t h e   c o l d   e n d  of 

t h e   s u p p o r t   s h a f t   w i t h  a f l e x i b l e   c o u p l i n g .   F o r   t h e   h i g h   s p e e d  t e s t ,  a 

c o m p r e s s e d   a i r - d r i v e n   t u r b i n e  (18j mounted i n  a nozz le   box   on   t he   co ld   end  

o f   t h e   s u p p o r t   s h a f t ,   p r o v i d e d   t h e   d r i v e .  

Heat was o b t a i n e d   i n   t h e  t es t  a r e a  by  means  of   the clam s h e l l   t y p e   f u r n a c e  

w i t h   q u a r t z   i n f r a r e d   h e a t i n g   t u b e s .  

The t es t  end of t h e   r i g ,   i n c l u d i n g   t h e   f u r n a c e ,  was e n c l o s e d   i n  a case (19)  

wi th   r emovab le  s i d e s .  By s e a l i n g   a l l   j o i n t s   w i t h   s i l i c o n e   g a s k e t s  and b o l t -  

i n g   t h e   s i d e s   i n  place,  t h i s   c a g e   c o u l d   b e  made r e a s o n a b l y   l e a k - t i g h t .  The 

e n v i r o n m e n t   w i t h i n   t h i s   e n c l o s u r e  was c o n t r o l l e d  by m a i n t a i n i n g  a p o s i t i v e  

p r e s s u r e   o f   p r e h e a t e d   a r g o n   g a s   i n t o   t h e  case.  A l l  e l e c t r i c a l ,  gas   and  

w a t e r   c o n n e c t i o n s  were made w i t h   f e e d t h r o u g h   f i t t i n g s  mounted i n   t h e   b a s e  

of t h e  t e s t  r i g .   F i g .  9 i s  a pho tograph  of t h e  t es t  r i g   w i t h   t h e   c a s i n g  

i n   p l a c e .  

3 . 2  I n s t r u m e n t a t i o n  

One of t h e   b a s i c   g o a l s   o f   t h e s e  t e s t s  was t o   e v a l u a t e   t h e   h y d r o d y n a m i c   p e r -  

formance of t h e  t e s t  b e a r i n g  as  a f u n c t i o n   o f   s l i d i n g   c o n t a c t s .  To accompl i sh  

t h i s   g o a l ,  i t  was n e c e s s a r y   t o   m o n i t o r   t h e   d y n a m i c   f i l m   t h i c k n e s s e s   i n   o r d e r  

t o  see i f   t h e   p e r f o r m a n c e  was d e t e r i o r a t i n g   b e c a u s e   o f   s u r f a c e   d a m a g e  o r  wea r .  
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In p r e v i o u s  t e s t s ,  t h e   f i l m   t h i c k n e s s  was measured  by  means  of  two  capacitance 

type   p robes   mounted  on e a c h   s i d e   o f   t h e   t i l t i n g  pad b e a r i n g .   T h e s e   p r o b e s  

s e n s e d   t h e   s u r f a c e   o f   t h e   s h a f t  , t h u s   p r o v i d i n g  a d i r e c t   m e a s u r e m e n t  of  t h e  

a m o u n t   o f   l i f t - o f f .   H o w e v e r ,   t h o s e  t e s t s  were o n l y   r u n  a t  t e m p e r a t u r e s   u p  

t o  SO0 F. In t h e s e  t e s t s  a t  900 F and 1400 F ,   t h e  s t a t e  o f   t h e  a r t  o f  

capac i t ance   p robe   deve lopmen t  was much less  advanced .   Probes  were a v a i l a b l e  

f o r   t h i s   t e m p e r a t u r e   r a n g e ,   b u t   t h e y  were c o n s i d e r a b l y  more  bulky  and l e s s  

r u g g e d   t h a n   t h e  low t e m p e r a t u r e   p r o b e s .   F o r   t h i s   r e a s o n ,   p r o b e s  were used 

t o   l o o k  a t  t h e   b a c k   o f   t h e  t e s t  b e a r i n g   a n d  a t  t h e  t e s t  s h a f t .  The f i l m  

t h i c k n e s s  , i n   t h i s  case,  was t h e   r e a d i n g  of t h e   p r o b e s  on t h e   b a c k   o f   t h e  

b e a r i n g   c o r r e c t e d   f o r   t h e   s h a f t   p o s i t i o n ,  as  i n d i c a t e d   b y   t h e   p r o b e s   s e n s i n g  

t h e   s h a f t .   D u r i n g   t h e  t e s t s ,  t h e   p r o b e   s i g n a l s  were f e d   i n t o  Wayne-Kerr 

p r o x i m i t y  meters a n d   d i s p l a c e d   v i s u a l l y  on a n   o s c i l l o s c o p e   s c r e e n .  

S i n c e   t h e   c a p a c i t a n c e   p r o b e s  were s e v e r a l   i n c h e s   l o n g ,   a n d   f i x e d   t o   t h e   t o p  

o f   t h e  t e s t  c h a m b e r ,   r e l a t i v e l y  small c h a n g e s   i n   t h e   t e m p e r a t u r e  of  t h e  

c h a m b e r   c a u s e d   t h e   z e r o   l i n e   t o   s h i f t   u p  and  down. F o r   t h i s   r e a s o n ,  i t  was 

n e c e s s a r y   t o   r e a d   o u t   t h e   p r o b e   s i g n a l s   o n  an i n d i v i d u a l   b a s i s ,  i . e .  e a c h  

time a r e a d i n g  was t a k e n ,   t h e   p r o b e   s i g n a l s   w e r e   m a r k e d   w h i l e   t h e   s h a f t  was 

r o t a t i n g .  A s  s o o n   a s   t h e   s h a f t   h a d  come t o  a s t a n d s t i l l ,   t h e   p o s i t i o n   o f  

t h e   p r o b e   s i g n a l s  a t  t h a t   p o i n t   w a s   t a k e n   a s   z e r o   l i n e .  

A magnet ic   speed  pickup  (20)   mounted a t  t h e   c o l d   e n d   o f   t h e   s u p p o r t   s h a f t  (1) 

was u s e d   t o   m e a s u r e   s h a f t  s p e e d .  T h i s   p i c k u p   p r o d u c e d   s i x   p u l s e s   f o r   e a c h  

r e v o l u t i o n   o f   t h e   s h a f t .   T h e   s i g n a l   f r o m   t h e   p i c k u p   w a s   f e d   i n t o  a Hewle t t -  

Packa rd   f r equency  meter f o r   v i s u a l   o b s e r v a t i o n .  The a c c u r a c y   o f   t h e   s h a f t  

s p e e d   r e a d i n g s  was on t h e   o r d e r   o f  & 2%. 

A chromel -a lume l   shea thed   t he rmocoup le  (22)  , l o c a t e d   a b o u t  1/8” from  the  end 

of  t h e  t e s t  s h a f t  was u s e d   t o   m e a s u r e   t h e   a m b i e n t   g a s   t e m p e r a t u r e   i n   t h e  

t e s t  zone.  A second  thermocouple  was a l s o   u s e d   t o   s e n s e   t h e  same g e n e r a l  

area t e m p e r a t u r e .   T h e   a c t u a l   t e m p e r a t u r e   o f   t h e  t e s t  bear ings   was   measured  

w i t h  a c h r o m e l - a l u m i n u m   t h e r m o c o u p l e   f a s t e n e d   d i r e c t l y   t o   t h e   b a c k   o f   t h e  

b e a r i n g .   T h e   b e a r i n g   t e m p e r a t u r e   g e n e r a l l y   h e l d   w i t h i n  _+ 30 F i n   t h e  900 F 

t e s t s ,  and w i t h i n  60 F i n   t h e  1400 F t e s t s .  

-15- 



In order to maintain  an inert environment in the bearing test chamber,  a low 

flow of argon gas was bled continuously  into the chamber so as to maintain 

a  slight positive pressure. The  ambient pressure in  the chamber was measured 

with  a pressure tap (23) connected to a manometer. A positive pressure of 

about 1 or 2 inches of water  was maintained while the equipment  was being 
heated or cooled and during the start-stop tests. When the high speed tests 

were in progress,  the  argon pressure was  appreciably  higher  because more 

argon  gas W8S being supplied to the labyrinth seal  area. 
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4 .o TEST PROCEDURE 

4.1 Start-Stop  Low Speed Sliding Tests 

The purpose of these tests was to simulate bearing to shaft conaact during 

low speed start and coastdown  conditions  without the introduction of 

hydrostatic lift-off. These tests were designed to evaluate the effect of 

low speed sliding contacts, under design loads, on the hydrodynamic per- 

formance of the bearings. 

Test  Requirements 

A .  Number of material combinations - 6 
B. Temperature levels - 900 F and 1400 F 

C. Test  specimen  configurations. 

The  journal bearing configuration  was a single shoe and mating 

journal. The thrust bearing configuration  was a full  thrust 

plate,  with grooving and exposed edges against the mating 

thrust collar. 

D. Ambient  conditions - Argon  gas 

The following procedure was used In each of the start-stop tests: 

1. 

2. 

3 .  

4 .  

5 .  

A Talysurf trace was  made of  the surfaces of the pad  and shaft 

to establish the initial profile. 

The test specimens  were cleaned in an ultrasonic cleaner and 

mounted in the  test rig. 

The breakaway torque was measured at room temperature, in air, 

with a 4 psi stress on the bearing. 
The test rig was heated to  the  test temperature with preheated 

argon  gas flowing into the chamber and the breakaway torque was 

remeasured under load. 

The  start-stop  cycle test was made. 
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6.  A t  t h e   e n d  of t h e  t es t ,  t h e   t o r q u e . w a s   r e m e a s u r e d  a t  t h e  test  

t e m p e r a t u r e   a n d   a g a i n   i n  a i r  a f t e r   c o o l i n g .  

7 .  The s h a f t  and  pad s u r f a c e s  were examined , p h o t o g r a p h e d ,   a n d   t h e  

surface p r o f i l e s  were sameasured .  

Each   combina t ion  was t o   b e   r u n   f o r  1000 s ta r t s  a n d   s t o p s ,   o r   u n t i l   f a i l u r e  

o c c u r r e d ,   u n d e r  a stress o f  4 p s i ,   b a s e d  on t h e   p r o j e c t e d  area o f   t h e   b e a r -  

i n g  (LxD). The w i d t h   o f   t h e   t i l t i n g  pad t es t  b e a r i n g  was 0 .75  inches   and  

t h e   d i a m e t e r   o f   t h e   j o u r n a l  was 1 . 5  i n c h e s .   T h u s ,   t h e   p r o j e c t e d   a r e a   w a s  

1 . 1 2 5   s q u a r e   i n c h e s   a n d   t h e   l o a d ,   d i v i d e d   b y   t h i s  area,  was t h e   a v e r a g e  

s t ress  i n   p o u n d s   p e r   s q u a r e   i n c h .   T h e   t r u e  stress was a c t u a l l y  much h i g h e r  

s i n c e   c o n t a c t   d i d   n o t   t a k e   p l a c e   o v e r   t h e   e n t i r e   b e a r i n g  area.  In t h e  case 

of t h e   t h r u s t   b e a r i n g ,   t h e  area was s i m p l y   t h e   o v e r a l l   b e a r i n g   s u r f a c e   a r e a  

A program timer w a s   u s e d   t o   t u r n   o n   t h e  e l e c t r i c  m o t o r   d r i v e ,   b r i n g   t h e   s h a f t  

u p  t o  a s p e e d   o f   3 4 0 0   r p m   f o r   f i v e   s e c o n d s ,   t h e n   s h u t   t h e   m o t o r   o f f   a n d  

p e r m i t  t h e   s h a f t  t o  c o a s t   t o  a c o m p l e t e   s t o p .  

The t e s t  d a t a   i n c l u d e d :  

1. P e r i o d i c   m o n i t o r i n g   o f   t h e   d y n a m i c   f i l m   t h i c k n e s s   t o   d e t e r m i n e   i f  

a n y   s i g n i f i c a n t   c h a n g e  was t a k i n g   p l a c e   i n   b e a r i n g   p e r f o r m a n c e .  

2 .   P e r i o d i c   m o n i t o r i n g   o f   t h e   c a p a c i t a n c e   p r o b e   r e a d i n g s   u n d e r   s t a t i c  

c o n d i t i o n s   t o   d e t e r m i n e   i f  wear o r   s u r f a c e  damage   had   occur red .  

4 .2   High  Speed Rubs Under  Shock  Loads 

T h e   p u r p o s e   o f   t h e s e  t e s t s  was t o   d e t e r m i n e   t h e   a b i l i t y   o f  a hydrodynamic 

b e a r i n g   t o   f u n c t i o n   p r o p e r l y   a f t e r   t h e   b e a r i n g   h a s   b e e n   s u b j e c t e d   t o  a p r e -  

de t e rmined   number   o f   h igh   speed   rubs .  

Test Requ i remen t s  

a .  Number of material c o m b i n a t i o n s  - 6 

b .   T e m p e r a t u r e   l e v e l s  - 900 F and  1400 F 
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c. Test specimen configurations. 

The journal bearing configuration was a single shoe and mating 

journal. The t'hrust bearing configuration was a full thrust 

plate, with grooving and exposed edges against the mating 

thrust collar. 

d. Ambient conditions - argon gas. 

To apply the shock loads, a pivoted arm  with adjustable weights was mounted 

on top of the case of  the test rig. This arm was dropped from a height of 

one inch (controlled  by a mechanical stop) to impact the  top of the vertical 

load arm. This drove the bearing down against the  shaft: and caused a momen- 

tary rub. The definition and sequence of shock loads on the shoe and  thrust 

bearing, respectively, was as follows: 

Remarks No. of Drops Load - lb . Drop Height 

50 1 one inch 

20 3 one inch Disassemble and examine 

10 5 one inch 

10 7 one inch Disassemble and examine 

Shaft speed 38 ,500  rpm at rub impact. 

During the course of this program, measurements were made  to establish the 

magnitude of the forces which these impact loads represented. This was done 

when the  test rig was mounted vertically for the thrust bearing tests. 

Two accelerometers were used. One of these accelerometers was mounted near 

the  top of the vertical load arm, just below the  point  at which the  pivoted 

hammer impacted the load arm. The second accelerometer was mounted on the 

turbine end  of  the ball bearing supported shaft. The shaft was not rotating, and 

the thrust bearing and the thrust collar were clamped together. The first 

(top) accelerometer was measuring the full impact, while the  second  (bottom) 

accelerometer was measuring the impact after it  had been damped down by  the 

load arm, the  thrust bearing, the support shaft, and the ball bearings which 

held the support shaft. The signals from these two accelerometers were dis- 

played simultaneously on  an oscilloscope screen and were photographed  for 

measurements. The following results were obtained: . 
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Impact Top   Acce le romete r   Bo t tom  Acce le romete r  

1 pound  from 1" h e i g h t  185 g ' s  18 g ' s  

3 pounds from 1'' h e i g h t  300 g ' s  54 g ' s  

5 pounds  f rom 1" h e i g h t  600 g ' s  75 g ' s  

7 pounds  f rom 1" h e i g h t  6 7 0   g ' s   7 5   g ' s  

P r e v i o u s   m e a s u r e m e n t s   o f   t h e  time i n   c o n t a c t   h a d  shown t h a t   t h e   b e a r i n g  

a c t u a l l y   r u b b e d   a g a i n s t   t h e   j o u r n a l   f o r   a b o u t  0 . 0 2  t o   0 . 0 5   s e c o n d s   d u r i n g  

e a c h   i m p a c t ,   T h i s  time was i n d e p e n d e n t  of t h e   a c t u a l   l o a d .  

P r i o r   t o   e a c h  t e s t ,  T a l y s u r f  t races  o f   t h e   b e a r i n g   s u r f a c e s  were made.  The 

t es t  spec imens  were t h e n   c l e a n e d ,   t h e  t e s t  was as sembled   and   t he   r i g   was  

h e a t e d   t o   t e m p e r a t u r e   w i t h  a l o w   f l o w   o f   p r e h e a t e d   a r g o n   g a s   b l e e d i n g   i n t o  

t h e   c h a m b e r .   T h e   s h a f t  was b r o u g h t   u p   t o  a s t a b l e   o p e r a t i n g   s p e e d   w i t h  a 

l o a d   o f   a b o u t  1.5 p s i   o n   t h e   b e a r i n g s .  (Some l o a d  i s  e s s e n t i a l   t o   p r e v e n t  

b e a r i n g   f l u t t e r  a t  h i g h   s p e e d )   a n d   t h e   s h o c k  t e s t s  were r u n .   B e a r i n g  pe r -  

f o r m a n c e   d u r i n g   t h e  tes ts  was m o n i t o r e d   b y   o b s e r v a t i o n s   o f   t h e   c h a n g e   i n   t h e  

d y n a m i c   f i l m   t h i c k n e s s .  

A f t e r   t h e  t es t ,  a n o t h e r , - s e t   o f   T a y l s u r f  t races and   pho tographs  were t a k e n  

t o  show t h e   a p p e a r a n c e  of t h e  t es t  s u r f a c e s .  
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5 . 0  TEST  RESULTS 

5 . 1  S t a r t - S t o p  Tests 

The   fo l lowing   Combina t ions  were e v a l u a t e d   i n   t h e   s t a r t - s t o p  tests:  

900 F .  T e s t s  

T i l t i n g  Pad Bearing,  
Chrome o x i d e   c o a t e d  4340 s teel  

A 1  0 Coated  A-286 s t a i n l e s s  s t l .  2 3  

A 1  0 Coa ted   Haynes   25 ( so lu t ion  
t r g a z e d )  

Grooved   Thrus t   Bea r ing  
Chrome o x i d e   c o a t e d   4 3 4 0  s t e e l  

C o b a l t   b o n d e d   t u n g s t e n   c a r b i d e   o n  
A-286 s t a i n l e s s  

A120  coated  Haynes 25 ( s o l u t i o n -  
t r e a ? e d )  

Nickel   chrome  bonded  chrome 
c a r b i d e  on TZM molybdenum 

J o u r n a  1 
Chrome o x i d e   c o a t e d   4 3 4 0  s teel  

Coba l t -b .onded   t ungs t en   ca rb ide  
c o a t i n g   o n   A - 2 8 6   s t a i n l e s s  

Cold-worked  Haynes 25 ( n o   c o a t i n g )  

M a t i n g   T h r u s t   C o l l a r  
Chrome o x i d e   c o a t e d   4 3 4 0  steel  

A 1  0 c o a t e d  A-286 s t a i n l e s s  2 3  

Cold-worked  Haynes 25 ( n o   c o a t i n g )  

A1203 on TZM molybdenum 

1400 F .  Tests 

- T i l t i n g  Pad B e a r i n g   J o u r n a l  
A1203  coated TZM a l l o y   N i c k e l   c h r o m e   b o n d e d   c h r o m e   c a r b i d e  

on TZM a l l o y  

A 1  0 c o a t e d  TD n i c k e l  2 3  S t e l l i t e  6 coated  Haynes 25 ( s o l u t i o n -  
t r e a t e d )  

Rene 4 1   ( n o   c o a t i n g )  BaF2  /CaF2 f i lm  on   Rene   41  

G r o o v e d   T h r u s t   B e a r i n g   M a t i n g   T h r u s t   C o l l a r  
Nickel   chrome  bonded  chrome A 1  0 coated   Haynes  25 ( s o l u t i o n -  
c a r b i d e   o n   R e n e   4 1  t r z a s e d ) .  

N i c k e l  Chrome a l l o y  on  Rene 4 1  BaF2/CaF2 f i l m   o n  Rene 4 1  

S t e l l i t e   c o a t i n g  on Haynes 25 A1203 c o a t i n g   o n  TD n i c k e l  
( s o l u t i o n - t r e a t e d )  
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5.1.1 900 F .  T i l t i n g  P a d   J o u r n a l   B e a r i n P  - S t a r t   S t o p   T e s t s  

Chrome  Oxide  Pad  vs .   Chrome  Oxide  Coated  Journal  

T h i s   c o m b i n a t i o n   r a n   v e r y   e f f e c t i v e l y   f o r   1 0 0 0  s tar ts  a n d   s t o p s .  

T h e r e  was a g r a d u a l   d e c r e a s e   i n   t h e   r u n n i n g   f i l m   t h i c k n e s s   d u r i n g   t h e  

t es t .  I n i t i a l l y ,   t h e   b e a r i n g  was r u n n i n g   o n  a f i l m   a b o u t  0.8 mils 

t h i c k   a n d ,   a t   t h e   e n d   o f   t h e  t e s t ,  t h e   f i l m  was a b o u t  0.5 mils. A f t e r  

t h e  t e s t ,  i t  was o b s e r v e d   t h a t   b o t h   t h e   p a d   a n d   j o u r n a l   s u r f a c e s  were 

p o l i s h e d   s m o o t h l y   i n   t h e   c o n t a c t  areas .  It was n o t e d   t h a t   v e r y   s l i g h t  

c h i p p i n g   h a d   o c c u r r e d  a t  t h e   e d g e s   o f   t h e   p a d   i n   t h e   l o a d e d   z o n e .  

S i n c e  900 F i s  v e r y   c l o s e  t o  t h e  maximum t e m p e r a t u r e  a t  which  chrome 

o x i d e   c a n   b e   u s e d ,  i t  may b e   t h a t   t h e   c o m b i n a t i o n   o f   l o a d   a n d   t e m p e r a -  

t u r e  was enough t o   c a u s e   t h i s   d a m a g e .  The e d g e s  are a l w a y s   t h e   w e a k e s t  

areas o n   t h e   c o a t e d   b e a r i n g s .  A s  shown i n   T a b l e  3 ,  t h e r e  was n o   s i g n i -  

f i c a n t   c h a n g e   i n   t h e   s u r f a c e   r o u g h n e s s   o f   t h e   p a d   b e a r i n g .   T h e   j o u r n a l  

s u r f a c e   f i n i s h   h a d   i m p r o v e d   s l i g h t l y .   P h o t o g r a p h s   o f   t h e s e   s u r f a c e s  

are  shown i n   F i g .   1 0 .  

Al2O3 Coa ted   Pad   v s .   Tungs ten   Ca rb ide   Coa ted   Jou rna l  

A s  was t h e   c a s e   w i t h   t h e   c h r o m e   o x i d e ,   t h i s   c o m b i n a t i o n   s u r v i v e d   t h e  

1000 s ta r t s  a n d   s t o p s   w i t h   n o   d i f f i c u l t y .   T h e r e  was a small d e c r e a s e  

i n   r u n n i n g   f i l m   t h i c k n e s s   d u r i n g   t h e  

e x a m i n e d ,   t h e   c a r b i d e - c o a t e d   j o u r n a l  

marks.   The A 1  0 c o a t e d   b e a r i n g   p a d  2 3  

t e s t .  When t h e   s u r f a c e s  were 

s u r f a c e   s h o w e d   o n l y   f a i n t   c o n t a c t  

h a d   s t r e a k s   o f   t r a n s f e r r e d  material 

which wer.e s m o o t h   a n d   p o l i s h e d .   A c c o r d i n g   t o   t h e   T a l y s u r f   t r a c e ,   t h e   o n l y  

damage  on  the  pad was a n   i s o l a t e d   s c r a t c h   a b o u t  75 m i c r o - i n c h e s   d e e p .  

P h o t o g r a p h s   o f   t h e   s p e c i m e n s  a re  shown i n   F i g .  11. 

A 1  0 Coa ted  Pad vs .   Uncoated,   Cold-Worked  Haynes 25 J o u r n a l  2 3  

A f t e r  180 s t a r t s  a n d   s t o p s ,   t h i s   c o m b i n a t i o n   w a s   n o t   a b l e   t o   r u n  a s  a 

s e l f - a c t i n g   b e a r i n g .  It was f o u n d   t h a t   c o n s i d e r a b l e  materia1 had  been 

t r a n s f e r r e d   f r o m   t h e   j o u r n a l   t o   t h e   p a d ,   m a i n l y  a t  t h e   e d g e s   o f   t h e   p a d ,  

a n d   t h a t   t h i s   t r a n s f e r r e d  material was c a u s i n g   t h e   c o n t a c t   t h r o u g h   t h e  
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f i l m .  A s  shown i n   T a b l e  3 ,  t h e  material b u i l d u p   o n   b o t h   e d g e s   o f   t h e  

pad was o f   t h e  same d i m e n s i o n s  as t h e   f i l m   t h i c k n e s s .   P h o t o g r a p h s   o f  

t h e   s u r f a c e  damage are shown i n  F i g .   1 2  

This f a i l u r e  was s o m e w h a t   s u r p r i s i n g .   I n  a p r e v i o u s   s t u d y   ( 1 2 ) ,  i t  had 

been   found   t ha t  A 1 2 0 3  r u n n i n g   a g a i n s t  a S t e l l i t e   c o a t i n g   i n  a i r  a t  1400 F 

was a r e a s o n a b l y   g o o d   c o m b i n a t i o n .   T h e   e x p l a n a t i o n   € o r   t h i s   d i s c r e p a n c y  

may b e   d u e   t o   t h e   f a c t   t h a t   t h e   p r e v i o u s  tes t  was r u n   i n  a i r  a n d   t h a t  

a n   o x i d e   f i l m   o f   a p p r e c i a b l e   t h i c k n e s s   h a d   f o r m e d   o n   t h e   S t e l l i t e  

c o a t e d   j o u r n a l .   S i n c e   t h e   c u r r e n t  tes ts  are b e i n g   r u n   i n   a r g o n ,   n o  

p r o t e c t i v e   o x i d e   f i l m s   w o u l d   b e   p r e s e n t   o n   t h e   s u r f a c e s .  

5 . 1 . 2  1 4 0 0   F .   T i l t i n g  Pad J o u r n a l   B e a r i n g  - S t a r t   S t o p  Tests  

A1203 Coated Pad v s .   S t e l l i t e   C o a t e d   J o u r n a l  

T h i s   c o m b i n a t i o n   s u r v i v e d   t h e  1000 s t a r t s   a n d   s t o p s ,   b u t  i t  was v e r y  

n o i s y   d u r i n g   c o a s t d o w n   a n d ,   a f t e r   a b o u t  700 s ta r t s  a n d   s t o p s ,   t h e   p r o b e s  

i n d i c a t e d   i s o l a t e d   t o u c h e s   w h i l e   t h e   j o u r n a l  was r o t a t i n g   a t   3 4 0 0  rpm. 

A f t e r   t h e  t e s t ,  i t  was o b s e r v e d   t h a t  material h a d   t r a n s f e r r e d   f r o m   t h e  

S t e l l i t e - c o a t e d   j o u r n a l   t o   t h e  A 1  0 c o a t e d   b e a r i n g .   T h i s   t r a n s f e r  was 2 3  
i n   t h e   f o r m   o f  small i s o l a t e d   i s l a n d s   o f   m a t e r i a l .   A p p a r e n t l y ,   t h e  s l i d -  

i n g   a c t i o n   h a d   p o l i s h e d  down t h i s   t r a n s f e r r e d   m e t a l   b e c a u s e   t h e  A 1  0 

s u r f a c e  was r e l a t i v e l y   s m o o t h .  A s  shown i n   T a b l e  5 ,  t h e   j o u r n a l  

s u r f a c e   h a d   d e t e r i o r a t e d   a s   t h e  resu l t  o f   t h e   s l i d i n g   c o n t a c t s .   P h o t o -  

g r a p h s   o f   t h e   s u r f a c e s   a r e  shown i n   F i g .  13. 

2 3  

A1-0,  Coated  Pad  vs.  Nickel-Chrome  Bonded  Chrome  Coated  Journal 

E x c e l l e n t   p e r f o r m a n c e   w a s   o b t a i n e d   w i t h   t h i s   c o m b i n a t i o n   d u r i n g   t h e   1 0 0 0  

s t a r t - s t o p   c y c l e s .  A s  shown i n   F i g .   1 4 ,   b o t h   s u r f a c e s  were i n  good 

c o n d i t i o n   a f t e r   t h e  t es t .  

It i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e  A1203  c o a t i n g ,   w h i c h  was on a TZM 

molybdenum s u b s t r a t e ,   h a d   c h a n g e d   c o l o r   f r o m   w h i t e   t o  a d a r k ,   d u l l  

g r a y .  A t  t h i s  time, t h e r e  is  n o   a d e q u a t e   e x p l a n a t i o n   f o r   t h i s   c o l o r  

- 23-  



change .  It was n o t   c a u s e d   b y  material t r a n s f e r ,   b o t h   t h e   j o u r n a l   a n d  

p a d   s u r f a c e s  were h i g h l y   p o l i s h e d   w h e r e   c o n t a c t   h a d   t a k e n   p l a c e   a n d  

t h e  A 1  0 s u r f a c e  was d a r k ,   e v e n  i n  areas which were n o t   i n   c o n t a c t   w i t h  

t h e   j o u r n a l .   N e i t h e r   t h e   a p p e a r a n c e   o f   t h e   s u r f a c e   n o r   t h e   t o r q u e  

m e a s u r e m e n t s   i n d i c a t e d   t h a t   t h i s   c h a n g e  was d u e   t o   o r g a n i c   c o n t a m i n a t i o n .  

It i s  p o s s i b l e   t h a t   e n o u g h   o x y g e n  was p r e s e n t   i n   t h e   c o a t i n g   t o   f o r m  a 

l o w e r   o x i d e   o f   m o l y b d e n u m   o n   t h e   s u b s t r a t e  (MOO and. Mo 0 a re  b l a c k )  

a n d   t h a t   t h i s   o x i d e  was r e a c t i n g   w i t h   t h e  A1203 o r   d i f f u s i n g   t h r o u g h  

t h e   c o a t i n g  . 

2 3  

2 2 3  

Uncoated   Rene   41  Pad v s .  CaF  /BaF E u t e c t i c   C o a t e d   J o u r n a l  2 2  -~ " ~- -~ ~~ ~ " 

Some unexpec ted   p rob lems  were e n c o u n t e r e d   w i t h   t h i s   s o l i d   l u b r i c a n t  

f i l m .  When t h e  t e s t  r i g  was h e a t e d   t o   1 4 0 0   F . ,   a n d   t h e  t es t  was s t a r t e d ,  

t h e   b e a r i n g  would  not  l i f t  a t  a l l  f o r   t h e   f i r s t   t e n   c y c l e s . .   A f t e r   t h a t ,  

t h e   p e r f o r m a n c e   g r a d u a l l y   i m p r o v e d   a n d   t h e   b e a r i n g  was r u n n i n g   e f f e c t i v e l y  

a f t e r   a b o u t   f i f t y   c y c l e s .   D u r i n g   t h e  t e s t ,  i t  w a s   o b s e r v e d   t h a t   t h e  

f l u o r i d e   f i l m  was m i g r a t i n g   u p   t h e   s i d e s   o f   t h e   p a d   a n d   t h a t  some v a p o r  

was condens ing   on   t he   p robes   wh ich  were s e n s i n g   t h e   b a c k   o f   t h e   p a d .  

Th i s   condensed  material formed a g r e e n   c o a t i n g   w h i c h   f i n a l l y   s h o r t e d  

o u t   o n e   o f   t h e   p r o b e s   b e f o r e   t h e  t e s t  was c o n c l u d e d .  

I n   s p j  t e  of  t h e s e   p r o b l e m s ,   t h e   f l u o r i d e   f i l m   d i d   p r o v i d e   g o o d   p r o t e c -  

t i o n   f o r   t h e   s u r f a c e s   a n d   t h e   b e a r i n g   c o m p l e t e d   t h e  1000 s t a r t - s t o p  

c y c l e s .  When t h e   s u r f a c e s  were e x a m i n e d   a f t e r   t h e  t e s t ,  i t  was found 

t h a t   a n   a p p r e c i a b l e   a m o u n t   o f   t h e   f l u o r i d e   f i l m   h a d   t r a n s f e r r e d   f r o m  

t h e   j o u r n a l   t o   t h e   u n c o a t e d   p a d ,   e s p e c i a l l y   i n   t h e   l o a d e d   z o n e .   T h i s  

t r a n s f e r   c a n   b e   s e e n   i n   F i g .   1 5 .  No su r face   damage  was obse rved   on  

t h e  Rene 4 1   s p e c i m e n s .   I n   o n e  area a r o u n d   t h e   c e n t e r   o f   t h e   j o u r n a l ,  

m o s t   o f   t h e   f i l m  seemed t o   h a v e   b e e n   r e m o v e d   f r o m   t h e   s u r f a c e   o f   t h e  

j ou rna  1. 

5 . 1 . 3 .  900 F .   T h r u s t   B e a r i n g  .- S t a r t   S t o p  Tests 

From t h e   o u t s e t   o f   t h e   t h r u s t   b e a r i n g  t e s t s ,  i t  was o b v i o u s   t h a t   t h e s e  

b e a r i n g s   w o u l d   b e  a more s e r i o u s   p r o b l e m   t h a n   t h e   t i l t i n g   p a d   j o u r n a l  
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b e a r i n g s .   I n   t h e   j o u r n a l   b e a r i n g ,  as  l o n g   a s   t h e   c l e a r a n c e s  were h e l d  

w i t h i n  a c e r t a i n   r a n g e ,   t h e   l o a d   c a r r y i n g   c a p a c i t y   w a s   e s s e n t i a l l y  

c o n s t a n t .   S i n c e   t h e   a c t u a l   a r e a   o f   c o n t a c t   i n   t h e   j o u r n a l   b e a r i n g  was 

l i m i t e d   p r i m a r i l y  t o  t h e   l o a d e d   z o n e ,   a n d   s i n c e   d e b r i s   c o u l d   e s c a p e  

r e a d i l y   f r o m   t h e   c o n t a c t   a r e a ,   t h i s   t e n d e d   t o  mask t h e   e f f e c t   o f   m i n o r  

s u r f a c e  damage  and wear p a r t i c l e s .   I n   t h e   t h r u s t   b e a r i n g ,   t h e r e  was 

v e r y  l i t t l e  i n   t h e  way o f   f o r g i v e n e s s .  When t h e   s u r f a c e s  were f l a t ,  

c l e a n ,   a n d   r u n n i n g   t r u e ,   t h e r e  was no  problem.  However ,   crowning  or  

d i s h i n g ,   o r   l o o s e   p a r t i c l e s   t r a p p e d   i n   t h e   c l e a r a n c e ,   d i d   h a v e  a d r a s t i c  

e f f e c t   o n   l o a d - c a r r y i n g   c a p a c i t y .  

P r e l i m i n a r y   e x p e r i e n c e   i n   t h e s e  t es t s  showed t h a t   t h e   b e a r i n g s   w o u l d  

c a r r y  a stress o f  4 p s i  when t h e y  were f i r s t  set up i n   t h e   r i g ,   a n d   t h e  

l o a d   a p p l i e d   w h i l e   t h e   b e a r i n g  was   runn ing .   Th i s   l oad   was   be ing   ca r r i ed  

on v e r y   t h i n   g a s   f i l m s ,   o n   t h e   o r d e r  o f  100 t o  200 m i c r o - i n c h e s   t h i c k .  

A f t e r   e v e n  a v e r y  small number  of s t a r t s   a n d   s t o p s ,   t h e   l o a d   c a r r y i n g  

c a p a c i t y   o f   t h e   b e a r i n g   d e t e r i o r a t e d   r a p i d l y ,   d u e   t o   s l i g h t   a m o u n t s   o f  

s u r f a c e  damage o r  wear d e b r i s   i n   t h e   c o n t a c t   a r e a .   T h i s  made i t  

n e c e s s a r y   t o   r e d u c e   t h e   l o a d  s o  t h a t   t h e   b e a r i n g  would  be  operat ing  on 

a t h i c k e r   f i l m .  

T h e   m o s t   s e v e r e   r u b b i n g   c o n d i t i o n   e x i s t e d   o n   t h e   o u t e r   e d g e   o f   t h e  

b e a r i n g .   T h i s  was e s p e c i a l l y   n o t i c e a b l e   d u r i n g   c o a s t d o w n   b e c a u s e   t h e  

r o t o r   d e c e l e r a t e d   q u i t e  slowly. A s  t h e   b e a r i n g   s l o w e d  down, t h e  

i n i t i a l   c o n t a c t   t o o k   p l a c e   o n   o n e   e d g e .  The r e s u l t i n g   f r i c t i o n   t h e n  

t i l t e d  t h e   b e a r i n g   ( i t  was p i v o t e d  on a s i n g l e   b a l l  mounted  on t h e  

c e n t e r   o f   t h e   b a c k   o f   t h e   b e a r i n g )   a n d   c a u s e d  a r u b  on t h e   o p p o s i t e  

e d g e .   T h i s   t i l t i n g   a c t i o n   c o n t i n u e d   u n t i l   t h e   f i l m  became so  t h i n  

t h a t   t h e   c e n t e r  o f  tlle b e a r i n g   s u r f a c e s   b e g a n   t o   s h a r e   t h e   l o a d .  The 

m o t i o n   w a s   e x t r e m e l y   r a p i d   a n d   r e s e m b l e d   s t i c k - s l i p .   A c t u a l l y ,   t h i s  i s  

t h e  same c o n d i t i o n   w h i c h   w o u l d   b e   e n c o u n t e r e d   i n   a n y   f l e x i b l y - m o u n t e d  

t h r u s t   b e a r i n g .  

I n   o r d e r   t o   g e t   a n y   k i n d  of  r e a s o n a b l e   d a t a   o n   t h e s e  materials, i t  was 

n e c e s s a r y   t o   m o d i f y   t h e  tes t  p r o c e d u r e  a s  f o l l o w s :  
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1. The tes t  r i g  was h e a t e d   t o  the d e s i r e d  t e s t  t e m p e r a t u r e .  

2 .  T h e   b e a r i n g  was r o t a t e d  a t  moto r   speed ,  3 4 0 0  rpm. 

3 .  Load was a p p l i e d   t o   t h e   r o t a t i n g   b e a r i n g   u n t i l   t h e   r u n n i n g  
f i l m   t h i c k n e s s   h a d   d e c r e a s e d   t o   a b o u t  0 . 3  n t l s .  

4 .  The tes t  r i g  was s t o p p e d   a n d   t h e n   r e s t a r t e d   u n d e r   l o a d .  

I f  t h e   b e a r i n g   a p p e a r e d   t o   b e   a b l e   t o   o p e r a t e   w i t h   t h i s   l o a d ,   t h e n   t h e  

s t a r t - s t o p  t e s t s  were i n i t i a t e d .   G e n e r a l l y ,   t h e   b e a r i n g   p e r f o r m a n c e  

d e t e r i o r a t e d   d u r i n g   t h e  t e s t  and  i t  was n e c e s s a r y   t o   r e d u c e   t h e   l o a d  

p e r i o d i c a l l y   w h e n e v e r   t h e   b e a r i n g   f a i l e d   t o   l i f t - o f f   c o m p l e t e l y .  

From a p r a c t i c a l   s t a n d p o i n t ,   t h e   f a c t   t h a t   t h e  t e s t s  c o u l d   n o t   b e   r u n  

a t  a stress o f  4 p s i  was n o t   c o m p l e t e l y   u n e x p e c t e d .   P a s t   e x p e r i e n c e  

h a s  shown t h a t   s e l f - a c t i n g   t h r u s t   b e a r i n g s   g e n e r a l l y   g e t   i n t o   t r o u b l e  

a t  s t r e s s  l e v e l s   a b o v e  2 . 5  p s i   a n d   t h i s  i s  n o r m a l l y   c o n s i d e r e d   t o   b e  

t h e   u p p e r  limit i n   t h e   d e s i g n   o f   t h e s e   b e a r i n g s .  

T h e   r e s u l t s  o f  t h e   s t a r t - s t o p  t e s t s  o n   t h e   t h r u s t   b e a r i n g s  a re  summarized 

i n   T a b l e s  6 and 7 and a r e  d e s c r i b e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  

- 900 F .   T h r u s t  Bearing- 

Chrome  Oxide  on 4 3 4 0  S t e e l  vs.-ome Oxide   on  4 3 4 0  S t e e l  

The tes t  was s t a r t e d   w i t h  a s t ress  o f  2 . 4  p s i   o n   t h e   b e a r i n g .   W i t h  

t h i s   l o a d ,   t h e   r u n n i n g   f i l m   t h i c k n e s s  was a b o u t  400 m i c r o - i n c h e s .  

A f t e r  10 s t a r t - s t o p   c y c l e s ,   t h e  stress h a d   t o   b e   r e d u c e d   t o  2 p s i  

b e c a u s e   o f   a s p e r i t y   c o n t a c t s   t h r o u g h   t h e   g a s  f i l m .  A f t e r  a t o t a l   o f  

75  c y c l e s ,   t h e  s t r e s s  h a d   t o   b e   r e d u c e d   t o  1.5 p s i   a n d ,   a f t e r  4 2 0  c y c l e s  , 
t h e  stress was c u t   t o  1 p s i .  A t  t h e   e n d  o f  6 1 5  s t a r t s  and  s t o p s ,  t h e  

t e s t  was t e r m i n a t e d   b e c a u s e   t h e   b e a r i n g   w a s   n o t   c o m p l e t e l y   l i f L e d ,   e v e n  

a t  t h i s  s tress l e v e l .   T h e s e   r e s u l t s  a r e  s u m m a r i z e d   i n   T a b l c  6 .  

A p h o t o g r a p h   o f   t h e   s u r f a c e s  o f  t h e   t h r u s t   b e a r i n g   a n d   t h r u s t   c o l l a r  i s  

shown i n   F i g .  1 6 .  Most o f   t h e  damage was i n   t h e   f o r m  of  a b r a s i v e  wear, 

b u t   t h e r e  was one  small c h i p p e d  area o n   t h e   e d g e  of  t h e   t h r u s t   c o l l a r .  

-26 -  



A s k e t c h   o f   t h e   t o p o g r a p h y   o f   t h e   b e a r i n g   a f t e r   t h e  t es t  i s  a l s o   i n c l u d e d  

i n  F i g .  16. The l o s s  i n   l o a d   c a r r y i n g   c a p a c i t y  was a p p a r e n t l y   d u e  t o  

h i g h  wear on t h e   o u t e r   e d g e s   o f   t h e   l a n d s .  

The r e s u l t s   o f   t h i s   f i r s t  t e s t  r a i s e d  a q u e s t i o n   r e g a r d i n g   t h e   d e s i g n  

o f   t h e   t h r u s t   b e a r i n g   g r o o v e s .   T h i s   c h r o m e   o x i d e   c o a t e d   b e a r i n g   h a d  a n  

i n i t i a l   g r o o v e   d e p t h   o f   a b a u t  1 .5  m i l s ,  which was a r e a s o n a b l e   d e p t h  

f o r  a h i g h   s p e e d   t h r u s t   b e a r i n g .   H o w e v e r ,   f o r   o p e r a t i o n  a t  3400 r p m ,  

t h i s  was f a r   t o o   d e e p  a g r o o v e   f o r   o p t i m u m   p e r f o r m a n c e .  

T h i s   p r e s e n t e d  a t  l eas t  t h r e e   a l t e r n a t e   c h o i c e s :   f i r s t ,   r u n   t h e   r e m a i n d e r  

o f   t h e   t h r u s t   b e a r i n g  t e s t s  w i t h   t h e  same 1.5 m i l  g r o o v e   d e p t h  as was used  

f o r   t h e   c h r o m e   o x i d e ;   s e c o n d ,   u s e   t h e  same 1.5 m i l  g r o o v e   d e p t h   a n d   i n c r e a s e  

t h e   r u n n i n g   s p e e d   t o   g e n e r a t e   t h i c k e r   g a s   f i l m s ;   t h i r d ,   d e c r e a s e   t h e   g r o o v e  

d e p t h   t o  0 . 7  mils t o   a c h i e v e  a more   op t imum  geometry   for   use   a t  3400 rpm.  

The f o r m e r   c h o i c e ,   o f   c o n t i n u i n g   t o   t e s t   a t  3400 r p m  w i t h   t h e  1 .5  m i l  g roove  

d e p t h ,  was u n r e a l i s t i c   s i n c e   t h e   a c t u a l   m a c h i n e r y   w o u l d   n o t   b e   r u n   f o r   a n y  

l e n g t h  of time u n d e r   c o n d i t i o n s   w h e r e   c o m p l e t e   l i f t o f f  was n o t   a c h i e v e d .  

The   s econd   cho ice ,  o f  r u n n i n g   a t   h i g h e r   s t e a d y  s t a t e  s p e e d s ,  was a r e a s o n a b l e  

s o l u t i o n ,   b u t   w o u l d   h a v e   m e a n t   c h a n g e s   i n   t h e   s e t - u p   o f   t h e  t e s t  r i g  and i n  

t h e  t e s t  p r o c e d u r e .   T h e   t h i r d   c h o i c e   s e e m e d   t o   b e   t h e   m o s t   d e s i r a b l e   s i n c e  

i t  p r e s e r v e d  a l l  o f   t h e   s t a n d a r d   o p e r a t i n g   c o n d i t i o n s .  A l l  t h a t   w a s   n e c e s s a r y  

was t o   d e c r e a s e   t h e   g r o o v e   d e p t h   f o r   b e t t e r  low speed   pe r fo rmance .  For  t h e  

r e m a i n d e r  of  t h e s e   s t a r t - s t o p  t e s t s ,  g r o o v e   d e p t h s  on t h e   o r d e r  o f  0 . 7  mils 

were u s e d .  

Tungs ten   Ca rb ide   (Grooved)   on  A-286 v s .  A1203 on A-286 

T h i s  t e s t  was s t a r t e d   w i t h  a s t r e s s  o f  3 . 2  p s i  on t h e   b e a r i n g .   A f t e r  30 

s t a r t - s t o p   c y c l e s ,   t h e  s t r e s s  h a d   t o   b e   r e d u c e d   t o  2 p s i  a n d ,   a f t e r  120 c y c l e s ,  

t o  1 .5  p s i .  T h e   b e a r i n g   c o m p l e t e d  1000 s t a r t - s t o p   c y c l e s  a t  t h e  1 .5  p s i  

s t ress  l e v e l .  

P h o t o g r a p h s   o f   t h e   s u r f a c e s   a n d   o f   t h e   g r o s s   s u r f a c e   t o p o g r a p h y  are 

shown i n   F i g .  1 7 .  Some material t r a n s f e r   f r o m   t h e   c a r b i d e   t o   t h e  A 1  0 2 3  

-27-  



was o b s e r v e d .  The t h r g s t   b e a r i n g   l a n d s  were s l i g h t l y   w o r n  a t  t h e   o u t e r  

d i a m e t e r ,   t h u s   g i v i n g   t h e   b e a r i n g  a s l i g h t   c r o w n .   T h e   s s r f a c e s  were i n  

g o o d   c o n d i t i o n .  To b r i n g   t h e   l o a d   c a r r y i n g   c a p a c i t y   o f   t h i s   b e a r i n g  

b a c k   t o  i t s  o r i g i n a l   l e v e l ,  i t  w o u l d   o n l y   b e   n e c e s s a r y  t G  r e l a p  t h e  

s u r f a c e s   l i g h t l l y .  

Uncoated  Haynes 25 Cold-Worked  vs.  A l 2 O 3  (Grooved)  on  Haynes 25 
-.-_I 

A s  was t h e   c a s e   i n   t h e   j o u r n a l   b e a r i n g  t e s t s ,  t h l s  co!nbLnation  gave  very 

poor  r e s u l t s .  T h e   b e a r i n g  was appa ren t ly   damaged   a lmos t  immediately. 

An a t t e m p t  was made t o   r u n   a t  a s t r e s s   o f  1 p s i ,   b u t   t h e   b e a r i n g   w o u l d  

n o t   l i f t   a f t e r  60 s t a r t - s t o p   c y c l e s .  

P h o t o g r a p h s   o f   t h e   s u r f a c e s   a r e  shown in F i g . 1 8 .  Metal h a d   t r a n s f e r r e d  

f rom  the   Haynes  25 t o   t h e  A . 1 2 G 3  s u r f a c e .  The A 1  0 l a n d s  were b a d l y  

w o r n   a n d   b o t h   s u r f a c e s  showed c o n s i d e r a b l e   a b r a s i o n   d a m a g e .  
2 3  

Chrome Carbide  (Grooved)   on TZ.M v s .  A 1  0 on TZM 2 3  
"""-I__ "" 

T h e   o r i g i n a l   p l a n   h a d   b e e n   t o   r u n   t h i s   c o m b i n a t L o n  a t  1400 F. However, 

s i n c e   t h e  t e s t  r e s u l t s   i n d i c a t e d   t h a t   t h e r e  were very   few  promis ing  

c o m b i n a t i o n s   c a p a b l e   o f   s u r v i v i n g   t h e s e  t e s t s ,  even  a t  900 F ,  i t  seemed 

a d v i s a b l e   t o   e s t a b l i s h   w h e t h e r  tt*e *.1203 v s .   c h r o m e   c a r b i d e  w o ~ l d  be  

c a p a b l e   o f   s a t i s f a c t c r y   p e r f 3 r n a n c e  a t  900 F, 

The t e s t  was s t a r t e d   w i t h  a s t r e s s   o f   3 . 3   p s i  on t h e   b e a r i n g . .   A f t e r  

30 s t a r t - s t o p   c y c l e s ,   t h e   b e a r i n g   s e f m e d   t o   h a v e   t r o u b l e   I n   l i f t i n g   o f f ,  

s o  t h e  s t r e s s  was red3ced  t o  2.4 p s 1 .  A f t e r   a b c u t  20 more c y c l e s ,   t h e  

b e a r i n g   w o u l d   n o t   l i f t  a t  a l l .  I t  was f o u n d   t h a t   t h e   l o a d  arm was 

s l i g h t l y   b e n t   a n d   t h i s  was p r e v e n t i n g   t h e   p i v o t   f r o m   a l i g n i n g   t h e  

b e a r i n g .   T h e   b e a r i n g s  were s t i l l  i n   f a i r l y  g o o d   c n n d l t i o n   a n d ,   a f t e r  

r e l a p p i n g   t h e   s u r f a c e s   l i g h t l y   a n d   r e p l a c i n g   t h e  i v s d  a rm,   t he  same 

b e a r i n g s  were put   back   on  t e s t . .  

T h i s  time, a 2 .5  p s i   s t z e s s   l e v e l  was u s e d .   T t e   b e a r i n g   c o m p l e t e d  1000 s t a r t s  

and s t o p s  w i t h   n o   d i f f i c u l t y .   S i n c e   t h e   b e a r i n g   a p p e a r e d   t o   b e   r u n n i n g   b e t t . e r  
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a t  t h e  e n d   o f  t h e  t e s t  t h a n  i t  was  i n  t he  b e g i n n i n g ,   t h e  s t r e s s  was 

i n c r e a s e d  t o  3 . 2  p s i   a n d  270 more s t a r t - s t o p   c y c l e s  were accumula ted  

P h o t o g r a p h s   o f   t h e   s u r f a c e s  are  shown i n   F i g .   1 9 .  A sinall amount of  

material t r a n s f e r  was n o t e d ,   b u t   t h e   s u r f a c e s   a p p e a r e d  t o  b e   i n   g o o d  

c o n d i t i o n .   F o r  some unknown  reason ,  t he  b o t t o m s   o f   t h e   g r o o v e s   o n   t h e  

chrome c a r b i d e   c o a t e d   b e a r i n g   s h o w   s l i d i n g   p a t t e r n s ,   e v e n   t h o u g h   n o  

c o n t a c t   c o u l d   o c c u r  i n  t h e s e  areas .  

5 .1 .4  1400 F T h r u s t  Bearing - S t a r t - S t o p   T e s t s  

Chrome Carb ide   (Grooved)   on   Rene  41 v s  A1,0, on  Haynes  25 

I n   v i e w   o f   t h e   f a c t  t h a t  t h e   c h r o m e   r a r b i d e  A 1  0 c o m b i n a t i o n   g a v e   t h e  

b e s t   r e s u l t s  a t  900 F ,  a new t e s t  was s e t  u p   t o   e v a l u a t e   t h e s e   c o a t i n g s  

a t  1400 F.  O , - i g i n a l l y ,   o n e   e x t r a  TZM t h r u s t   b e a r i n g   h a d   b e e n  made f o r  

t h e s e  t e s t s .  T h i s   b e a r i n g   h a d   b e e n   s e n t  t o  a n   o u t s i d e   v e n d o r   f o r   c o a t i : . g  

a g r o o v e   p a t t e r n   t h r o u g h  a mask.  The r e s u l t s  were u n s a t i s f a c t o r y   a n d ,  

i n   a t t e m p t i n g   t o   s t r i p   t h e   c o a t i n g   b y  chemical  m e a n s ,   t h e   v e n d o r   d l s s o l v e d  

t h e  TZM s u b s t r a t e .   S i n c e  no o t h e r  TZM s p e c i m e n s w e r e   a v a i l a b l e ,   t h e   c h r o m e  

c a r b i d e  was a p p l i e d  t o  a Rene 41 s u b s t r a t e   a n d   t h e  A 1 2 0 3  was c o a t e d   o n  

a H a y n e s   2 5   s o l u t i o n   t r e a t e d   t h r u s t  c o l l a r .  

2 3  

An a t t e m p t  was a l s o  made t o  c o a t  b o t h   t h e  AL2O3 a n d   t h e   c h r o m e   c a r b i d e  

s u r f a c e s   w i t h  a s o l i d   l u b r i c a n t   f i l m ,  Dow C o r n i n g  X - 1 5 .  T h i s  I S  a 

ceramlc   bonded  MoS c o a t i n g   w h i c h   h a d   s h o w n   p r o m i s e   i n   p r e v l o u s  h i g h  

t e m p e r a t u r e   s l i d i n g  t e s t s .  However, most o f  t h e   s o l i d   l u b r i c a n t  

c o a t i n g  was removed i n   t h e   p r o c e s s   o f   l a p p i n g   t h e   s u r f a c e s  t o  t h e  

r e q u i r e d   f l a t n e s s ,   a n d  i t  i s  v e r y   d o u b t f u l   i f   e n o u g h   c o a t i n g  was l e f t  

t o  h a v e   a n y   s i g n i f i c a n t   e f f e c t   o n   t h e   r e s u l t s .  

2 

The t e s t  was s t a r t e d   w i t h  a s t r e s s  o f   3 . 2   p s i   o n   t h e   b e a r i n g .   A f t e r  

a b o u t  50 s t a r t - s t o p   c y c l e s ,   t h e  s t r e s s  had t o  b e   r e d u c e d  t o  2 .5  psz. 

Even a t  t h i s   l o a d ,   t h e   b e a r i : l g  was o p e r a t i n g   o n  a v e r y   t h i n  f i l m ,  l e s s  

t h a n  100 m i c r o - i n c h e s .   A f t e r  2 2 5  more c y c l e s ,   t h e  s t r e s s  had t o  b e  

r e d u c e d  t o  1 .4  p s i .   T h e   b e a r i n g   c o m p l e t e d   t h e  1000 s t a r t s  a n d   s t o p s   a t  
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t h i s  s t r e s s  l e v e l .   P h o t o g r a p h s   o f  t h e  s u r f a c e s  are shown ~n F i g .  20. 

T h e   s t r e a k e d   a p p e a r a n c e  o f  t h e  b o t T o n s  of t h e  g r o o v e s  1 s  t h e  resg l t  of  

t h e  s o l i d   l d b r i c a n t   c o a t i n g   w h i c h   h a d  r u n  i n t o  t h e   g r o o v e  a rea  d u r i n g  

the  a p p l i c a t i o n   p r o c e s s .  No good   measx remen t s   cou ld   be   ob ta ined  on 

t h e  wear p a t t e r n  of t h e   g r o o v e d   t h r d s c   b e a r l n g   b e c a u s e   o f   t h e   u n e v e n   n a t u r e  

of t he  s o l l d   l u b r l c a n t   c o a t i n g  cn c h e   b o t t o m  of  t h e   g r o o v e s . .  

S t e l l L t e  6 on  Hayr.es (Grc-ved.' .   vs..  A 1  0 c n  TD N-ckel  

T h i s   c o m b i n a t i o n  was b e h a v i n g   p o o r l y   f r o m   t h e  s t a r t .  4.n a t t e m p t  was made 

t o  r u n  a t  2 p s i ,  bclt a f t e r  10 c y r l e s   t h e   l o a d   h a d   t o   b e   r e d u c e 6   t o  a s t r e s s  

l e v e l  o f  1 p s l .   A f t e r  a t o t a l  o f  90 c y c l e s ,   t h e   b e a r i n g   b o x l d   n o t  l i f t ,  

e v e n  a t  t h i s  l o w   l o a d ,   P h o t o g r a p h s   o f   t h e   s u r f a c e s  a r e  shown i n   F i g . .   2 1 .  

Some h e a t   c h e c k i n g  i s  a p p a r e n t   o n  t t e  A.1 0 s u r f a c e   a n d ,  t o  a l e s s e r  e x t e n t ,  

o n   t h e   S t e l l i t e .   T h e   g r o o v e s  were a l n o s t   c o m p l e t e l y   o b l i t e r a t e d  a t  t h e  e d g e  

"""-""~"_I ___ 2 3  

2 3  

T h i s  was n o t  a p a r t i c u l a r l y   i m p r e s s ~ v e   c o n b ~ n a t i o n  ~n t h e  journal b e a r i n g  

t e s t s ,  a l t h o u g h  i t  d l d   c o m p l e t e  1000 s t a r t - s t o p   r y c l e s .  These r e s u l t s  

e m p h a s i z e   t h e   f a : t   t h a t   t h e   t h r u s t   b e a r l n g  t e s t s  a . re  a much more s e v e r e  

e v a l u a t i o n  of  m a t e r i a l  p e r f o r m a n c e .  

Nickel-Chrome Alloy-on Rene 41 (Groovea'l u s . .  F l u o r l d e   C o a r l n g  on Reng-r l  

I n   o r d e r   t o   r u n   t h i s   t e s t ,  ~t was n e c e s s a r y   t o   p u t  a g r o o v e   p a t t e r n  on t h e  

R e n e   4 1   t h r u s t   b e a r i n g .   S i n c e  ~t was d ~ f !  Lccllt t o   p h o t o e t c h   t h e   g r o o v e s  

i n  t h i s   a l l o y ,  a n i c k e l - c h r o m e  a l l o y  was s p r a y e d  on t h e  Rene 41  s u r f a - . e  

t h r o u g h  a mask t o  f o r m   t h e   g r o o v e   p a t t e r n  

T h i s   b e a r i n g   c o m b L n a t l o n   b e h a v e d   t h e  same way a s  ; n  t h e   j o u r n a l   b e a r l n g  

t e s t ,   i . e . . ,  t h e   b e a r l n g   w o u l d   n o t   l l f t .   e v e n  a t  l i g h t   l o a d ,   u n t l l  ~t 

h a d   b e e n   r u n   f o r   s e v e r a l   s t a r t - s c o p   c y c l e s .   A f t e r  45 c y c l e s  a t  a 

s t r e s s  l e v e l  of 1 . 4  p s i ,   t h e   b e 3 r l n g   a p p e a r e d  t o  b e   i l f t r n g   p r o p e r l y .  

The s t r e s s  l e v e l  was t h e n   L n c r e a s e d   t c  2 p s l .  A t  t h e   e n d  c;f 590 c y c l e s  

t h e   b e a r l n g  was d e f i n i t e l y   t G u c h i n g  3 t  s p e e d . .   T h e   t e s t  w a s  shut: d o m  

a t  t h i s   p o i n t .  



F i g u r e  22  shows   t he   appea rance   o f   t he   su r f aces .   The re  was c o n s ~ d e r a b 1 . e  

t r a n s f e r  of  t h e   f l u o r i d e   f i l m   f r o m   t h e   t h r u s t   c o l l a r   t o   t h e   g r o o v e d  

t h r u s t   b e a r i n g .  The n i c k e l - c h r o m e   l a n d s   s h o w e d   s l i g h t  wear on  t h e  

o u t e r   e d g e ,   w h i c h   c o u l d   a c c o u n t   f o r   t h e   g r a d u a l  l o s s  i n  l c a d   c a r r v i n g  

c a p a c i t y .   P o s s l b l y ,   t h i s   c o m b L n a t l o n   m i g h t   h a v e  bee.n more   e f !ec t ;ve  : E  

t h e   g r o o v e s   h a d   b e e n   p h o t o e t c h e d  I n  t h e  Rene 4 1 ,   b u t   t h l s   a p p e a r e d   t o  

be too  much of a development   s tudy . .  

No unusual   p roblems were e n c o u n t e r e d   w i t h   t h e   f l u o r i d e  flls i n  t h l s  

t e s t ,  a l t h o u g h   t h e r e  was s t i l l  some m i g r a t i o n   o f   t h e   f i l n  o n  t h e   s i d e s  

of  t h e   t h r u s t   r u n n e r .  If a n y   m a t e r l a l   d i d   v a p o r i z e ,  i t  d i d   n o t   c o l l e c t  

o n   t h e   p r o b e s .  
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5 . 2  High  Speed Rub T e s t s  

T h e   f o l l o w i n g   c o m b i n a t i o n  were e v a l u a t e d   i n   t h e   h i g h   s p e e d   r u b  tes ts :  

900 F. T e s t s  "- 
T i l t i n g  P a d   B e a r i n g   J o u r n a  1 

Chrome o x i d e   c o a t e d   4 3 4 0  s t e e l  Chrome o x i d e   c o a t e d  4340 s t ee l  

A 1  0 c o a t e d  A-286 s t a i n l e s s  2 3  

A1203  coated  Haynes 25 
( s o l u t i o n   t r e a t e d )  

C o b a l t   b o n d e d   t u n g s t e n   c a r b i d e  
c o a t i n g   o n   A - 2 8 6   s t a i n l e s s  

Cold-worked  Haynes 25 (no c o a t i n g j  

A1203  coated  Rene 41  N i - C r  bonded  Chrome  Carbide on Rene  41 

Grooved   Thrus t   Bea r ing  "_ M a t i n g   T h r u s t   C o l l a r  
Chrome o x i d e   c o a t e d   4 3 4 0  s t e e l  Chrome o x i d e   c o a t e d   4 3 4 0  s t e e l  

C o b a l t - b o n d e d   t u n g s t e n   c a r b i d e   o n  AL2O3 o n   A - 2 8 6   s t a i n l e s s  
A-286 s t a i n l e s s  

A 1  0 coated  Haynes  25 
( s o l u t i o n   t r e a t e d )  2 3  

Cold-worked  Haynes  25 (no c o a t i n g )  

N i - C r  bonded  Chrome carb ide   on   A1203 on TZM 
T ZM 

1400 F .  Tests 

T i l t i n g  Pad B e a r i n g  J ou rna  1 

A 1  0 c o a t e d  TD n i c k e l  2 3  S t e l l i t e  6 coated  Haynes 25 
( s o l u t i o n   t r e a t e d )  

Rene 41 (no coa t ing )   BaF2 /CaF2  f i l m  on Rene 41 

Grooved  Thrus t  Bearing MarlIl~ThLust.-C_dl2L- 
N i - C r  bonded  Chrome  Carbide on 'TZM A 1  0 c o a t e d  TZM 

Rene  41   wi th  N i - C r  a l l o y   g r o o v e   B a F / 2 C a F  f i  Im on Rene 4 I 
p a t   t e r n  

2 3  

2 

These t e s t s  were run  a t  a speed   of   38 ,500   rpm.  The t e s t  p r o c e d u r e  was a s  f:)11vws. 

A .  T a l y s u r f   t r a c e s   o f   t h e   b e a r i n g   s u r f a c e s  were made, 
B .  The t e s t  spec imens  were c l e a n e d   a n d   a s s e m b l e d  i n  t h e   t e s t  r i g .  
C .  The t e s t  r i g  was h e a t e d   t o   t e m p e r a t u r e  w i t h  a low f1oL.l o f  a r g o n  gas 

b l e e d i n g   i n t o   t h e   c h a m b e r "  
D .  T h e   s h a f t  was b r o u g h t   u p   t o  a s t a b l e   o p e r a t i n g   s p e e d  of  38 ,500  r p m  w i t h  3 

p r e l o a d  o f  1 . 5   p s i   o n   t h e   b e a r i n g .  
E .  A se r ies  o f   s h o c k   l o a d s  were a p p l i e d   t o   t h e   b e a r i n g   t o   c 3 u s e   h i g h   s p e e d  

r u b s .   P e r f o r m a n c e   o f   t h e   b e a r i n g  was m o n i t o r e d   t o   d e t e r m i n e   t h e   e f f e c t  
o f   t h e s e   r u b b i n g   c o n t a c t s  on hydrodynamic   per formance  
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T h e   d e f i n i t i o n   a n d   s e q u e n c e   o f   s h o c k   l o a d s  on t h e   s h o e   a n d   t h r u s t   b e a r i n g ,  

r e s p e c t i v e l y ,  was a s  f o l l o w s  : 

No. o f   D r o p s  

50 
20  

10 
10 

The t e s t  r e s u  

summarized i n  

Load-   lb .   Drop  Height   Remarks 

1 
3 

5 
7 

one i n c h  
one  i n c h  

one inch 
one  i n c h  

Disassemble   and   examine  

Di sas semble   and   examine  

S h a f t   s p e e d  38,500 rpm a t  r u b   i m p a c t  

I t s  a r e  d e s c r i b e d   b r  

T a b l e s  8 -16. 

i e f l y   i n   t h e   f o l l o w i n g   p a r a g r a p h s   a n d  

5 . 2 . 1 .  900 F .  T i l t i s  Pad J o u r n a l   B e a r i n P  Tests a t  High  Speed 

Chrome Oxide   Coated   Pad   vs .  Chrome Oxide   Coated   Journa  1 

The i n i t i a l   f i l m   t h i c k n e s s ,  a t  s p e e d ,  was a b o u t  0 . 5  m i l s  A f t e r   t h e  

f i r s t  50 impacts   o f   one   pound  dropped   f rom a h e i g h t  o f  o n e   i n c h ,   t h e  

b e a r i n g  was s t i l l  r u n n i n g   e f f e c t i v e l y  on a 0 5 mils f i l m   A f t e r  18 

i m p a c t s   o f   t h r e e   p o u n d s   d r o p p e d   f r o m  a h e i g h t   o n   o n e   i n c h ,   t h e   b e a r i n g  

was d e f i n i t e l y   r u b b i n g   i n   c o n t a c t   w i t h   t h e   j o u r n a l  

When t h e  t e s t  was d i s a s s e m b l e d ,  i t  was f o u n d   t h a t   t h e   c h r o m e   o x i d e  w a s  

badly  worn  and i t  a p p e a r e d  a s  t h o u g h   t h e   c l e a r a n c e   b e t w e e n   t h e   b e a r i n g  

and   t he   j ou rna l   was   gone  so t h a t   t h e   b e a r i n g   c o n f o r m e d  a l m o s t  c o m p l e t e l y  

t o   t h e   j o u r n a l  A p h o t o g r a p h   o f   t h e s e   s p e c i m e n s  i s  shown i n   F i g .  23, 

The s u r f a c e s   h a d   w o r n   v e r y   s m o o t h l y   a n d   t h e   s u r f a c e   f i n i s h  W A S  n o t  

s i g n i f i c a n t l y   d i f f e r e n t  a t  t h e   e n d   o f   t h e  t e s t .  

A 1  0 Coated Pad v s .  T u n g s t e n   C a r b i d e   C o a t e d   J o u r n a l  2 3  

T h i s   b e a r i n g   w a s   r u n n i n g  on a f i l m  0.5 m i l s  t h i c k  when t h e   s h a f t  w a s  

up t o   s p e e d .   A f t e r  50 d r o p s  o f  one  pound  from 3 h e L g h t   o f   o n e   i n c h ,  

t h e   b e a r i n g  was d e f i n i t e l y   c o n t a c t i n g   t h e   j o u r n a l   t h r o u g h   t h e   f i l m ,  

so  t h e  t e s t  was s t o p p e d .  
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P h o t o g r a p h s   o f   t h e   s u r f a c e s  a re  shown i n   F i g .  2 4 .  The A1203  c o a t i n g  

s e e m e d   t o   b e   b a d l y   w o r n   a n d   t h e   c a r b i d e   s u r f a c e  was scored .   However ,  

t h e   s u r f a c e   r o u g h n e s s   m e a s u r e m e n t s   s h o w n   i n   T a b l e  9 i n d i c a t e d   t h a t   t h e  

s u r f a c e s  were n o t  a s  rough a s  t h e y   a p p e a r e d   t o   b e .  

A 1  0 Coated  Pad vs.   Cold-Worked  Haynes 25 J o u r n a l  ""_________ 2 3  

I s o l a t e d   s p i k e s   o n   t h e   p r o b e   s i g n a l s   i n d i c a t e d   t h a t   t h e   b e a r i n g   m i g h t  

b e   t o u c h i n g   m o m e n t a r i l y   t h r o u g h   t h e   g a s   f i l m   a f t e r  t h e  f i f t y   d r o p s   o f  

one   pound  Af te r  two d r o p s   o f   t h r e e   p o u n d s ,   t h e   p a d   s e e m e d   t o   " g r a b "  

o n   t h e   j o u r n a l   a n d   w a s   t o r n   c o m p l e t e l y   o u t   o f  i t s  h o l d e r   a n d   t h r o w n  

o f f   o f   t h e   s h a f t .  

A s  shown i n   F i g .   2 5 ,   t h e   s u r f a c e s  were badly   damaged.  A c o n s i d e r a b l e  

amoun t   o f   t he  A 1  0 c o a t i n g  was t o r n   o f f   t h e   p a d   s u r f a c e   a n d   t h e   j o u r n a l  

was   heav i ly   gouged  
2 3  

Nickel-Chrome  Bonded  Chrome  Carbide  Coated  Pad  vs I A 1  0 C o a t e d   J o u r n a l  2 3  

O r i g i n a l l y ,   t h i s   c o a t i n g   c o m b i n a t i o n  was t o   h a v e   b e e n   r u n  a t  1400 F .  

However, a s  d i s c u s s e d   p r e v i o u s l y ,   t h e   l a c k   o f  a good mater ia l  combina t ion  

f o r   e v e n  900 F .  o p e r a t i o n  made i t  a d v i s a b l e   t o   e v a l u a t e   t h i s   c o m b i n a t i o n  

a t  900 F .  b e f o r e   c o n s i d e r i n g   a n y   h i g h e r   t e m p e r a t u r e .  

The f i r s t  a t t empt  t o   r u n   t h i s   c o m b i n a t i o n   o n  TZM s u b s t r a t e s  ~ 7 a s  a 

f a i l u r e   b e c a u s e   t h e   t e s t   j o u r n a l   s h i f t e d   o n   t h e   h e a t  darn w h i l e   t h e  

t e s t  w a s   b e i n g   b r o u g h t   u p   t o   s p e e d   T h i s  w a s  a p p a r e n t l y   d u e   t o   t h e   f a c t  

t h a t  t h e  TZM molybdenum a l l o y   h a d   s u c h  2 low c o e f f i c i e n t  o f  t h e r m a l  

e x p a n s i o n   t h a t   t h e   R e n e   4 1  t i e  b o l t .   w h i c h   p u l l s   t h e  t e s t  s h a f t   a n d   h e a t  

dam up a g a i n s t   t h e   s u p p o r t   s h a f t ,  w a s   l o o s e n i n g   u p -   S i n c e   t h e   p r o c e s s  

o f   s e t c i n g  up t h e s e   h i g h   s p e e d   s h a f t s  was v e r y  time consuming,  i t  was 

n e c e s s a r y   t o   s u b s t i t u t e  a R e n e   4 1   s u b s t r a t e   f o r  t h e  T Z M .  A second 

s h a f t   w i t h   R e n e  L l  was a l r e a d y   p a r t i a l l y  s e t  up f o r   t h e   n e x t  t e s t ,  so  

t h i s   s h a f t  was c o a t e d   w i t h   c h r o m e   c a r b i d e   a n d   r u n   a g a i n s t   a n  A 1  0 

coa ted   Rene  41 b e a r i n g   p a d . .  
2 3  
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T h i s   b e a r i n g   c o m b i n a t i o n  r an  v e r y   e f f e c t i v e l y   t h r o u g h   f i f t y   d r o p s   o f  

o n e   p o u n d   a n d   t w e n t y   d r o p s   o f   t h r e e   p o u n d s .  The r u n n i n g   f i l m   t h i c k n e . s s  

was a b o u t  0.5 m i l s .  A t  t h e   e n d   o f   t h e  three pound  impact t es t ,  t h e  

p r o b e   s i g n a l s   w h i c h  were m o n i t o r i n g   t h e  tes t  s h a f t   i n d i c a t e d   t h a t   t h e  

s h a f t  was b e g i n n i n g   t o   l o o s e n   u p   o n   t h e   h e a t   d a n ,  so t h e  t e s t  had t o  b e  

s topped  a t  t h i s   p o i n t .  

T h e   b e a r i n g  a n d  j o u r n a l   s u r f a c e s  were i n  e x c e l l e n t   c o n d i t i o n   a f t e r   t h i s  

t es t .  F i g u r e  26 shows   t he   appea rance  o f  t h e   s u r f a c e s .  A v e r y   f a i n t ,  

p o l i s h e d   f i l m   o f   t r a n s f e r r e d   m a t e r i a l  was v i s i b l e   o n   t h e  A1203 c o a t e d  

p a d .  The j o u r n a l  was h i g h l y   p o l i s h e d   a n d   s m o o t h   i n   t h e   c o n t a c t  a rea .  

I_ 5 . 2 . 2  1400 F .  T i l t i n g  "- ." Pad J o u r n a l  - """ B e a r i n g  """"" Test a t  High _" Speed -" 

Two a t t e m p t s  were made t o   r u n   h i g h   s p e e d   r u b s   o n   t i l t i n g  p.ad b e a r i n g s  

a t  1400 F . The f o  1 l owing   combina t   i ons  w e r e  e v a l u a t e d  : 

A .  A 1  0 c o a t e d  TD n i c k e l  pad v s .   S t e l l i t e   c o a t e d  Haynes 25 2 3  
( s o l u t i o n   t r e a t e d  ) Tourna 1. 

B .  An uncoated  Rene 41 pad v s .  a e u t e c t i c  BaF2/CaF  coa t ing  2 
on  the  Rene 41 J o u r n a l  

B o t h   o f   t h e s e   b e A r i n g s   f a i l e d   b e f o r e   t h e y  were c o m p l e t e l y  u p  t o   s p e e d .  

The A l  0 - S t e l l i t e   c o q b l n a t i o n   r e a c h e d  30,000 r p m  a n d  t h e   b e a r i n g  

"grabbed"  011 t h e   s h a f t .  T h e  R e n e   L 1   c o m b i n a t i o n   f a i l e d  i n  t h e  same 
2 3  

'way a t  25 ,000  r p m  As shown i n  F i g .  2 7 ,  b o t h   b e a r ~ n g s   a p p a r e n t l y  

c o n t a c t e d   t h e   j o u r n a l s  a t  t h e   l e a d i n g   a n d   t r a i l i n g   e d g e s  which i n d i c a t e d  

t h a t   t h e y   b o t h   l o s t   c l e a r a n c e   T h i s   c o u l d   h a v e   b e e n   t h e   r e s u l t  o f  

c e n t r i f u g a l   g r o w t h  of t h e   s h a f t .  A l l  of  t h e s e   b e a r i n g   a n d   j o u r n a l  

c o m b i n a t i o n s  were f a b r i c a t e d   t o  a s t a n d a r d   d i a m e t r a l   c l e a r a n c e  o f  

1 . 5  mils.  A t  t e m p e r a t u r e s   u p   t o  a t  l eas t  900 F . ,  t h i . s   c l e a r a n c e  was 

a d e q u a t e ,   b u t  a t  1400 F .  i t  w o u l d   p r o b a b l y   h a v e   b e e n   b e t t e r  t o  ~ ~ s e  

a l a r g e r   c l e a r a n c e .  

S i n c e   t h e  r e s u l t s  o f  t h e   s t a r t - s t o p  t e s t s  had shown c h a t  A 1  0 - S t e  

c o m b i n a t i o n  was n o t  a v e r y   p r o m l s i n g   c h 3 i c e   f o r   i n e r t   g a s   a p p l i c a t  
2 3  l l i t e  

i o n s ,  
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t h i s   r e s u l t   s i m p l y   r e i n f o r c e d   t h e   p r e v i o u s   f i n d i n g s .  Where t h e  A 1  0 

h a d   c o n t a c t e d   t h e   S t e l l i t e ,  metal t r a n s f e r   h a d   t a k e n   p l a c e   f r o m   t h e  

S t e l l i t e   t o   t h e  A 1  0 a n d   t h e   S t e l l i t e   s u r f a c e  was b a d l y   g o u g e d .  

2 3  

2 3  

The  Rene 41 p a d   r u n n i n g   a g a i n s t   t h e   f l u o r i d e   c o a t e d   j o u r n a l  was i n  

much b e t t e r   c o n d i t i o n .  One area on t h e   j o u r n a l   h a d   l o s t   t h e   c o a t i n g ,  

b u t   t h e  res t  o f   t h e   s u r f a c e s  showed  very l i t t l e  damage. :It i s  b e l i e v e d  

t h a t   t h e  loss o f   t h e   c o a t i n g   f r o m   t h e   o n e  area of  t h e   j o u r n a l   t o o k  

p l a c e   w h i l e   t h e  t e s t  was b e i n g   h e a t e d   s t a t i c a l l y   t o  1400 F .  When t h e  

b e a r i n g   h a d   r e a c h e d   t e m p e r a t u r e ,  i t  was f o u n d   t h a t   t h e   b e a r i n g  was 

c e m e n t e d   t o   t h e   j o u r n a l   a n d   t h e  a i r  t u r b i n e   d i d   n o t   h a v e   e n o u g h   p o w e r  

t o   b r e a k  i t  away.  It was n e c e s s a r y   t o   r a p   t h e   l o a d  arm s h a r p l y   s e v e r a l  

times b e f o r e   t h e   j o u r n a l   b r o k e   l o o s e .   T h i s   c o u l d   h a v e   b e e n   t h e  time 

t h a t   t h e   c o a t i n g   t r a n s f e r r e d   f r o m   t h e   j o u r n a l   t o   t h e   p a d .   I f   t h i s  was 

i n d e e d   t h e  case,  t h e n   t h e   p a t t e r n   o f   t h e   t r a n s f e r r e d   c o a t i n g  on t h e  

loaded   zone   o f   t he   pad  showed t h a t   t h e r e  was s t i l l  a d e q u a t e   c l e a r a n c e  

b e t w e e n   t h e   p a d   a n d   t h e   j o u r n a l   u n d e r  s t a t i c  c o n d i t i o n s   a n d   r e i n f o r c e s  

t h e   h y p o t h e s i s   t h a t   c e n t r i f u g a l   g r o w t h   o f   t h e   j o u r n a l   h a d   c a u s e d   t h e  

b e a r i n g   f a i l u r e ,   e v e n   t h o u g h   c a l c u l a t i o n s   p r e d i c t e d  a g r o w t h   o f   o n l y  

0 . 1  mils r a d i a l l y  a t  t h i s   t e m p e r a t u r e   a n d   s p e e d .  

5 . 2 . 3  900 F .   T h r u s t   B e a r i n g  Tests a t  High  Speed 

F o r  a l l  o f   t h e s e   h i g h   s p e e d   t h r u s t   b e a r i n g  t e s t s ,  a g r o o v e   d e p t h  o f  

a b o u t  1 . 5  mils was u s e d .   T h e   r e s u l t s   o f   t h e s e   t h r u s t   b e a r i n g   t e s t s   a r e  

summar ized   i n   Tab le s  11 t o  14 and a r e  d e s c r i b e d  i n  t h e   f o l l o w i n g  

p a r a g r a p h s  

Tungs ten   Carb ide   Coated   A-286  vs . .  A 1 , 0 ,  Coated  A-286 

A f t e r   t h e   f i r s t  two d r o p s   o f  1 pound a t  38 ,500   rpm,   t he   bea r ing   s eemed  

t o   b e   g o i n g   u n s t a b l e ,   b u t  i t  s t e a d i e d   o u t   a n d   r a n   v e r y   s m o o t h l y  a f t e r  

t h a t  momentary   l apse .  No o t h e r   p r o b l e m   w a s   e n c o u n t e r e d   d u r i n g  t h e  

r e s t  o f   t h e   f i f t y   d r o p s   o f  1 p o u n d .   T h e   r u n n i n g   f i l m   t h i c k n e s s  was 

c o n s i s t e n t  a t  a b o u t   1 . 5  mils.  The same i n s t a b i l i t y  w a s  n o t e d  when t h e  

3 pound  weight was i m p a c t e d   t h e   f i r s t  t ime, b u t   t h e   b e a r i n g   s u r v i v e d  

t h e  res t  o f   t h e   t w e n t y  3 pound   impac t s   w i th  no problem 
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The tes t  was s h u t  down a n d   t h e   b e a r i n g s  were examined .   The   con tac t  

was m a i n l y   o n   t h e   o u t e r   e d g e s   o f   t h e   b e a r i n g  as shown i n   F i g .  28. No 

s i g n i f i c a n t  wear was n o t e d .  

The t e s t  was t h e n   r e a s s e m b l e d   t o   r u n   t h e   s e c o n d  se r ies  o f   i m p a c t  t e s t s .  

T h i s  time, t h e   b e a r i n g   r a n   v e r y   e r r a t i c a l l y .  A t  s p e e d s   o f  15,000 r p m  

a n d   a b o v e ,   t h e   b e a r i n g  was so u n s t a b l e   t h a t   t h e  t es t  h a d   t o   b e   s h u t  

down a f t e r  t w o   i m p a c t s   w i t h   t h e  5 pound  load.  

E x a m i n a t i o n  of  t h e   b e a r i n g   s h o w e d   t h a t   t h e   c o n t a c t  area h a d   s h i f t e d  

and now seemed t o   b e   c o n c e n t r a t e d   i n   t h e   c e n t e r   o f   t h e   b e a r i n g ,  as 

shown i n   F i g .  28. T h i s   i n d i c a t e d   t h a t   t h e   b e a r i n g   h a d   d i s t o r t e d   a n d  

was now c r o w n e d .   S i n - e   t h e   b e a r i n g  was o p e r a t i n g   e f f e c t i v e l y   a t  tempera- 

t u r e   b e f o r e   t h e  t e s t  w a s   s h u t   d o w n ,   t h e   r e s u l t s   i n d i c a t e d   t h a t   t h i s  

d i s t o r t i o n   o c c u r r e d   d u r i n g   t h e   c o o l i n g   a n d   r e h e a t i n g   o f   t h e   b e a r i n g .  

To a v o i d   t h i s   a d d e d   c o m p l i c a t i o n   i n   t h e   o t h e r  t e s t s ,  t h e   e n t i r e  s e r i e s  

o f   s h o c k   l o a d s   w e r e   r u n   o f f   w i t h o u t   s h u t t i n g  down t h e   t e s t   i n   t h e   m i d d l e  

of  t h e   r u n   t o   o b s e r v e   t h e   a p p e a r a n c e   o f   t h e   b e a r i n g s .   T h i s  seemed t o  

be a r e a s o n a b l e   a p p r o a c h   p a r t i c u l a r l y   i n   v i e w   o f   t h e   f a c t   t h a t   t h i s  t e s t  

had  showed so l i t t l e  damage a f t e r   t h e   f i r s t  s e r i e s  o f   s h o c k   l o a d s .  The 

p r o b l e m   o f   d i s t o r t i o n  was m a s k i n g   t h e   o b j e c t i v e  oE the   work   which  was t o  

s t u d y   t h e   e f f e c t   o f   s l i d i n g   c o n t a c t s  on b e a r i n g   p e r f o r m a n c e .  

Chr.o.me Oxide  on 4340 S t e e l   v s .  Chrome  Oxide  on 4340 S t e e L  

A t  s p e e d ,   t h i s   b e a r i n g  was o p e r a t i n g  on a f i l m   t h i c k n e s s  oE a b o u t  2 mils. 

The e n t i r e   s e r i e s  of  s h o c k   l o a d s  were r u n   o f f   w i t h   n o   i n d i c a t i o n  of  d i s t r e s s .  

P h o t o g r a p h s   o f   t h e   b e a r i n g  are  shown i n  Fig. 29. Most of t h e   c o n t a c t  had 
t a k e n   p l a c e   i n   t h e   c e n t e r   o f   t h e   b e a r i n g   a l t h o u g h   l i g h t   s c r a t c h e s   a v e r  

t h e   s u r f a c e   a n d  some p o l i s h i n g  a t  t h e   e d g e s   o f   t h e   b e a r i n g   i n d i c a t e d   t h a t  

t h e   b e a r i n g  was r e a s o n a b l y   f l a t .  

A1,0, on  Haynes 25 vs. Cold-Worked  Haynes 25 

T h i s   b e a r i n g   h a d   a n   i n i t i a l   r u n n i n g   f i l m   t h i z k n e s s  of  a b o u t  1.5 mils a t  

s p e e d .   T h e r e   w a s   n o   s i g n i f i c a n t   c h a n g e   d u r i n g   t h e   f i r s t   f i f t y   i m p a c t s  
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o f  1 p o u n d .   A f t e r   t h e   t . w e n t y   i m p a c t s   o f  3 p o u n d s ,   t h e   b e a r i n g  was 

s t i l l  g a s b o r n e ,   b u t   t h e   f i l m   t h i c k n e s s   h a d   d e c r e a s e d   t o   a b o u t  0.5 mils. 

The re  was n o   s i g n i f i c a n t   c h a n g e   a f t e r   t h e   t e n   d r o p s   o f  5 p o u n d s ,   b u t  

t h e   b e a r i n g  seemed t o   b e   d e t e r i o r a t i n g   r a p i d l y   d u r i n g   t h e  7 pound 

i m p a c t s .  The f i l m   t h i c k n e s s   d e c r e a s e d   t o   a b o u t  0 . 2  mils a f t e r   f i v e  

i m p a c t s   o f  7 p o u n d s   a n d   a f t e r  a t o t a l   o f   e i g h t   i m p a c t s ,   t h e   b e a r i n g  

was t o u c h i n g   l i g h t l y   a t   s p e e d .  The t e s t  was s h u t  down a t  t h i s   p o i n t .  

F i g u r e  30 shows   t he   appea rance  o f  t h e   s u r f a c e s .   C o n t a c t   w a s   v e r y  

u n i f o r m   a c r o s s   t h e   f a c e  o f  t h e   b e a r i n g s .   T h e  A l 2 O 3  c o a t e d   b e a r i n g  

showed l i g h t   t r a n s f e r   i n   t h e   c e n t e r   a n d   h e a v i e r  metal t r a n s f e r  on t h e  

o u t e r   e d g e s  of t h e   l a n d s .  The co ld-worked   Haynes  25 a p p e a r e d   t o   b e  

a b r a d e d   v e r y   u n i f o r m l y  a c r o s s  c h e   s u r f a c e .  

Chrome Carb ide   on  TZM v s  A 1 2 0 3  on  TZM 

A l t h o u g h   t h i s   c o m b i n a t i o n  was o r i g i n a l l y   s c h e d u l e d   f o r   t h e  1400 F .  

e v a l u a t i o n ,   t h e  l a c k  o f  prorni s i n g   m a t e r i a  Is f o r  900 F u s e   i n d i c a t e d  

t h e   a d v i s a b i l i t y   o f   r u n n i n g   t h e s e   m a t e r i a l s  a t  t h e   l o w e r   t e m p e r a t u r e  

""~""""-""""-_I 

T h e   b e a r i n g   m a i n t a i n e d   a n   o p e r a t i n g   f i l m   t h i c k n e s s   o f  1 . 5  m i l s  t h r o u g h -  

o u t   t h e   c o m p l e t e  s e r i e s  o f   s h o c k   l o a d s .  A s  shown i n   F i g .  31, t h e  

b e a r i n g s  were s t i l l   i n  good c o n d i t i o n   a t   t h e   e n d   o f   t h i s  t e s t .  The 

A 1  0 c o a t e d   t h r u s t   c o l l a r  showed v e r y   l i g h t   t r a n s f e r   a n d   t h e   c h r o m e  

c a r b i d e   c o a t e d   t h r u s t   b e a r i n g  w a s  l i g h t l y   a b r a d e d ,   b u t   t h e   g r o o v e  

d e p t h   m e a s u r e m e n t s   i n d i c a t e d   t h a t   n o   s i g n i f i c a n t   w e a r   h a d   o c c u r r e d .  

2 3  

"-LL""""""""- "_""""_ "_ "_ Y 2 . 4  1400 F .  T h r u s t   B e a r i n g  Tests a t  High  Speed 

Chrome Carb ide   on  TZM v s .  A 1 2 0 3  on TZM 

The   spec imens   f rom  the  l a s t  900 F t e s t  were r e l a p p e d   a n d   u s e d   f o r   t h i . s  

1400 F e v a l u a t i o n .  A t  s p e e d ,   t h e   b e a r i n g  was o p e r a t i n g   o n  a f i l m  1 .5  

mils t h i c k .  The f i f t y   d r o p s   o f  1 pound  and   the   twenty   d rops  o f  3 pounds 

were made w i t h o u t   a n y   s i g n i f i c a n t   c h a n g e   i n   b e a r i n g   p e r f o r m a n c e .   A f t e r  

t h r e e   d r o p s   o f  5 p o u n d s ,   t h e   b e a r i n g   b e c a m e   u n s t a b l e .  I t  was   found  tha t  

t h i s   i n s t a b i l i t y   c o u l d   b e   e l i m i n a t e d   b y   s i m p l y   r e d u c i n g   t h e   s p e e d   t o  
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a b o u t  30,000 r p m  a n d   t h e n   b r i n g i n g   t h e   b e a r i n g   b a c k  u p  t o  38,500 rpm.. 

T h e   b e a r i n g  was s u b j e c t e d   t o   t h e   t e n   d r o p s  of  5 pounds   and   t he .   t en   d rops  

o f  7 p o u n d s .   A f t e r   e v e r y  two o r   t h r e e   i m p a c t s ,   t h e   b e a r i n g  would go 

u n s t a b l e   a n d  i t  was n e c e s s a r y   t o   g o   t h r o u g h   t h e   s p e e d   c h a n g e   i n   o r d e r  

t o   b r i n g  i t  b a c k   t o  a s t a b l e   c o n d i t i o n .  A t  t h e   e n d  o f  t h e  t e s t ,  t h e  

b e a r i n g  was s t i l l  r u n n i n g   e f f e c t i v e l y   o n  a f i l m   a b o u t  1.5 mils t h i c k .  

T h e   ' a p p e a r a n c e   o f   t h e   s u r f a c e s   o f   t h e   b e a r i n g s   a f t e r   t h i s  t e s t  a re  

shown i n   F i g .   3 2 . .   C o n t a c t   w a s   f a i r l y   u n i f o r m ,  e s p e c i a l l y  o v e r   t h e  

g r o o v e d   a r e a .  A t h i n ,   t r a n s f e r r e d   f L l m   w a s   v i s i b l e  on t h e  A 1  0 c o a t e d  

t h r u s t   c o l l s r .  The e d g e s  o f  t h e   c h r o m e   c a r b i d e   l a n d s  were worn as  

w o u l d   b e   a n t i c i p a t e d   b e c a u s e   o f   t h e   p e r i o d i c   i n s t a b i l i t y   o f   t h e   b e a r i n g  

d u r i n g   t h e  t e s t .  However ,   th i s   amount   o f  wear d i d   n o t   a p p e a r   t o   h a v e  

a f f e c t e d   t h e   h y d r o d y n a m i c   p e r f o r m a n c e   o f   t h e   b e a r i n g .  

2 3  

Nickel-Chrome  Alloy on Rene V s . .  E u t e c t i c   F l u o r i d e  F i l m  on Rene 4 1  

No s t a r t - u p  p r o b l e m   w a s   e x p e r i e n c e d   i n   r u n n i n g   t h i s   b e a r i n g .  A t  3 8 , 5 0 0  

rpm, t h e   r u n n i n g  f i l m  t h i c k n e s s  was a b o u t  1 m i l . .  After t w e l v e   i m p a c t s  

of 1 p o u n d ,   t h e   b e a r i n g  was t o u c h i n g   l i g h t l y   b u t   s t e a d i l y ,   a n d   w o u l d  

n o t   l i f t   c o m p l e t e l y  a t  a n y   s p e e d ,  

The   appea rance  of t h e s e   b e a r i n g   s u r f a c e s  i s  shown i n  F i g .  3 3 .  Most o f  

t h e  coa t ing   was   r emoved   f rom  the   Rene   41   t h rus t   co l l a r .   The re  was some 

b u i l d - u p   o f   t r a n s f e r r e d   m a t e r i a l   o n   t h e   e d g e   o f   t h e   b e s r i n g   w h i c h   g a v e  

the b e a r i n g  a "d i shed"   shape .  The wear   measurements  were r a t h e r   s t r a n g e  

s i n c e   t h e y   i n d i c a t e d   t h a t  t h e  b e a r i n g  was worn  3bout 0 5 mils f a i r l y  

u n i f o r m l y   a c r o s s   t h e   s u r f a c e ,  a t  l e a s t  i n  t h e  l a n d  a:'Za. The p h o t o -  

g r a p h   d o e s   n o t  show a n y   s i g n s  of wear of  t h i s   m a g n i t u d e .   I t  i s  p o s s i b l e  

t h a t  some o f   t h e   f l u o r i d e  f i l m  h a d   m i g r a t e d   i n t o   t h e   b o t t o m s   o f   t h e  

g r o o v e s   a n d   t h a t   t h i s  w a s  g i v i n g  a n  e r r o n e o u s   r e a d i n g   o f   g r o o v e   d e p t h .  
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6. DISCUSSION OF RESULTS 

The r e s u l t s  o f  c h e s e  t es t s  e m p h a s i z e   t h e   p r o b l e m s   o f   i s o l a t i n g   t h e   e f f e c t s  o f  

b e a r i n g   d e s i g n   a n d   g e o m e t r y   f r o m   t h e   e v a l u a t i o n  o f  m a t e r i a l s .   F o r   e x a m p l e ,   t h e  

e x c e l l e n t   r e s u l t s   o b t a i n e d   i n   t h e   h l g h   s p e e d   t h r u s t   b e a r i n g   r u b  t e s t s ,  a s  

compared t o   t h e   h i g h   s p e e d   t i l t l n g  pad b e a r i n g  t e s t s ,  were a p p a r e n t l y   d u e   t o   t h e  

f a c t   t h a t   t h e   t h r u s t   b e a r i n g s  were o p e r a t i n g  o n  much t h i c k e r   f i l m s   o f   g a s .   I f  

t h e  t i  l t i n g  p a d   b e a r i n g   h a d   b e e n   r u n n i n g   o n  f 1 I n s  1 t o  2 mils t h i c k ,   i n s t e a d  

o f  0 . 5  mils ,  t h e y   p r o b a b l y   w o u l d   h a v e   a l s o   s u r v i v e d  a l a r g e r   n u m b e r   o f   r u b s  

On t h e   o t h e r   h a n d ,   i n   t h e   s t a r t - s t o p  t e s t s  t h e   t i l t i n g  p a d   b e a r i n g s   c o u l d  car ry  

a stress of  4 p s i ,   b u t  i t  was n o t   p o s j i b l e   t o   r u n   t h e   t h r u s t   b e a r i n g s  a t  t h i s  

h i g h  a s t r e s s .  A f t e r   a v e r y   f e w   s t a r t - s t o p   c y c l e s   o n   t h e   t h r u s t   b e a r i n g s  a t  a 

s t ress  o f  4 p s i ,   t h e r e  w a s  a p p a r e n t l y   e n o u g h   s u r f a c e   d a m a g e   o r  wear d e b r i s  

g e n e r a t e d   b y   t h e   s l i d i n g   a c t i o n   t o   p e n e t r a t e   t h e   g a s   f i l m .  A m a j o r   p a r t   o f  ttle 

problem  was  due t o  t h e   f a c t   t h a t   t h e   f l a t n e s s  o f  t h e   m a t i n g   s u r f a c e s  o f  t h e  

t h r u s t   b e a r i n g  was v e r y   c r i t i c a l   a n d   t h a t   t h e   b e a r i n g  was o p e r a t i n g  on a v e r y  

t h i n   f i l m  a t  t h i s   s p e e d .  !n o r d e r   t o   o b t a l n   a n y   r e a s o n a b l e   d a t a  on t h e   t h r u s t  

b e a r i n g s ,  i t  was n e c e s s a r y   t o   r e d u c e   t h e  s t resses  t o  l o w e r   v a l u e s . .   T h i s  was 

n o t  a p r o b l e m   w i t h   t h e   t i l t i n g  p a d   b e a r i n g s   b e c a u s e   t h e   p a d   a n d  t h e  j o u r n a l  

were n o t   c o n f o r m i n g   s u r f a c e s  The t i l t i n g  pad j o u r n a l   b e a r i n g   a l s o   h a s  

i n t e r r u p t i o n s   b e t w e e n  tclp pads  so  t h a t   d e b r i s   c a n   e s c a p e  a s  t h e   j o u r n a l  i s  

r o t a t i n g  

The f a i l u r e s   w h i c h   w e r e   e n c o u n t e r e d  i n  t h e  l G O O  F t i l t i n g  p a d  h i g h   s p e e d   t e s t s  

s e e m e d   t o   b e   t h e   r e s u l t   o f   d i m e n s i o n a l   c h a n g e s ,   e l t h e r   w a r p d g e  of  t h e  p a d s  o r  

c e n t r i f u g a l   g r o w t h   o f   t h e   j o u r n a l ,   r a t h e r   t h a n   t h e   s l i d i n g   b e h a v i o r   o f   t h e  

mater ia l s .  N e v e r t h e l e s s ,   t h e   r e s u l r s   d o   r e p r e s e n t   [ h e   € i r ; t   d e t a i l e d  s t u d y  o f  

t he   p rob lems   wh ich  w o u I d   b e   e n c o u n t e r e d   i n   r u n n i n g   g a s   b e d r i n g s  a t  red h e a t  

I f   d i m e n s i o n a l   s t a b i l i t y   o r   C e n t r i f u g a l  groL;’th was a problem,  o r  a n  unknown 

f a c t o r ,   i n   t h e s e   t e s t s ,  i t  would c e r t a i n l y  be a n  e v e n   g r e a t e r   p r o b l e m   i n   h i g h  

t e m p e r a t u r e   g a s   b e a r i n g   m a c h i n e r y .   I f   t h e   b e a r i n g s  r e s i s t  s l i d i n g  damage much 

more e f f e c t i v e l y  whcG tlle f i l m  t h i c k l i e i s  i s  g r e a t e r   t h a n  one m i l :   t h e n   t h e  

b e a r i n g   d e s i g n   a n d   s t r e s s   l e v e l   s h o u l d  be s e l e c t e d  w i t h  i h i ;  o p e r a t i n g  f i l m  

t h i c k n e s s  a s  a minimum g o a l  I 



I n   g e n e r a l ,   t h e s e   e v a l u a t i o n s   d e m o n s t v a t e d   t h a t  i t  i s  a much  more d i f f i c u l t  

t a s k   t o  select  materials f o r   o p e r a t i o n  a t  t e m p e r a t u r e s   a b o v e  900 F t h a n  i t  was t o  

choose  materials f o r  500 F. They a l s o  showed t h a t   t h e   t h r u s t   b e a r i n g s  were much 

more s e n s i t i v e   t h a n   t h e  p a d   j o u r n a l   b e a r i n g s   t o  damage d u r i n g  s ta r t s  and   s tops .  

D e s p i t e   t h e s e   e x p e r i m e n t a l   d i f f i c u l t i e s ,   t h e   r a n k i n g   o f   t h e  materials f o r  

s l i d i n g   e f f e c t i v e n e s s  was v e r y   c l e a r l y   d e m o n s t r a t e d   i n   t h e s e  t es t s .  

Some o f   t h e   m o r e   s i g n i f i c a n t   f i n d s   o f   t h i s   w o r k  were as f o l l o w s :  

1. 

2 .  

3 .  

4. 

There i s  d e f i n i t e l y  a p r o b l e m   i n   m a i n t a i . n i n g   d i . m e n s i o n a 1   s t a b i l i t y  

a t  h i g h   t e m p e r a t u r e .  A s  shown i n   A p p e n d i x  B, a l l  o f   t h e   s u b s t r a t e  

materials, w i t h   t h e   e x c e p t i o n   o f   t h e  TD n i c k e l ,   u n d e r w e n t   d i m e n s i o n a l  

c h a n g e s   i n  s t a t i c  h e a t i n g  tes ts .  A ' s p e c i f i c   e f f o r t   s h o u l d   b e  made t o  

d e v e l o p   p r o p e r   h e a t - t r e a t i n g   a n d   a g i n g   p r o c e d u r e s   f o r   t h e s e   h i g h  ' 

t e m p e r a t u r e   a l l o y s   i n   o r d e r   t o   a c h i e v e   r e a s o n a b l e   s t a b i l i t y .  

A d d i t i o n a l   w o r k   w h i c h   h a s   b e e n   d o n e   a t  "TI o n   C o n t r a c t  AF 33(615)-3235 

( R e f .   1 2 )   i n d i c a t e s   t h a t   1 2 0 0  F i s  a m a j o r   t r a n s i t i o n   t e m p e r a t u r e   a b o v e  

which a t  l eas t  some o f   t h e   s u p e r a l l o y s  are d i m e n s i o n a l l y   u n s t a b l e ,  

r e g a r d l e s s   o f   h e a t   t r e a t m e n t s .   W h i l e   t h e r e  i s  n o t   s u f f i c i e n t   d a t a  t b  

g e n e r a l i z e ,   t h e r e  i s  e v e r y   i n d i c a t i o n   t h a t   t h i s  may be a l i m i t i n g  item 

i n   h i g h   t e m p e r a t u r e   g a s   b e a r i n g s   u n l e s s   b e t t e r   a l l o y s   a r e   f o u n d .  

It i s  p o s s i b l e   t h a t  some of t h e   c o a t i n g s   m i g h t   b e   m o r e   e f f e c t i v e   i f  

t h e   s u b s t r a t e   m a t e r i a l s   w e r e  more d i m e n s i o n a l l y   s t a b l e .   H o w e v e r ,   t h e  

i m p r o v e m e n t s   w o u l d   b e   r e l a t i v e .  

One c o a t i n g   m a t e r i a l   c o m b i n a t i o n ,  A 1  0 r u n n i n g   a g a i n s t  a n i c k e l - c h r o m e  

bonded  chrome  carb ide ,  was d e f i n i t e l y  shown t o   b e  a promis ing   combina-  

t i o n   f o r   u s e   i n   t h e   t e m p e r a t u r e   r a n g e   f r o m  900 F to   1400   F .  

2 3  

F o r   r e l i a b l e   t h r u s t   b e a r i n g   o p e r a t i o n ,   d e s i g n  stresses above 2.4 p s i  

d o   n o t  a p p e a r  t o  b e   f e a s i b l e   i f  a l a r g e   n u n b e r   o f  s tar ts  and s t o p s  

are n e c e s s a r y   u n l e s s   b e t t e r   c o a t i n g   m a t e r i a l s   c a n   b e   f o u n d .  

D u r i n g   t h e   h i g h   s p e e d   r u b s ,   t h e   c h r o m e   o x i d e   c o a t t n g s   w o r e  a t  a much 

h i g h e r  rate a t  900 F ,  t h a n   t h e y   d i d  a t  500 F. T h i s  may have   been   due   t o  

-41- 



t h e   f a c t   t h a t   t h e   f r i c t i o n a l   h e a t   w h i c h  was g e n e r a t e d  was d e t e r i o r a t i n g  

t h e  p a r t i c l e  t o  p a r t i c l e  b o n d .   T h i s   h i g h  wear was n o t   o b s e r v e d   w i t h  

c h r o m e   o x i d e   i n   t h e   t i l t i n g  pad s t a r t - s t o p  t e s t s .  

5 "  In   no  case was c h i p p i n g   o r   f l a k i n g   o f   t h e   p l a s m a - s p r a y e d   g r o o v e  

p a t t e r n s   o b s e r v e d .  The o n l y   c o a t i n g   b o n d   f a i l u r e   w h i c h   w a s  

o b s e r v e d   i n   t h e s e  t e s t s  o c c u r r e d   a t   1 4 0 0  F d u r i n g  a c a t a s t r o p h i c  

s e i z u r e   b e t w e e n  a t i l t i n g  pad b e a r i n g   a n d   t h e   j o u r n a l .   H o w e v e r ,  

some m i n o r   e d g e   c h i p p i n g   w a s   n o t e d . .   T h i s   i n d i c a t e d   t h a t   t h e  

e d g e   r a d i l   s h o u l d   h a v e   b e e n   m o r e   g e n e r o u s .  

6 .  The  poor r e s u l t s   o b t a l n e d   w l t h   S t e l l i t e   c o a t i n g s   i n   t h e   a r g o n  

e n v i r o n m e n t   s h o w e d   t h a t   o x i d e   f l l m s  were e s s e n t i a l   f o r  good 

s l i d i n g   p e r f o r m a n c e   w i t h   t h i s   m a t e r i a l .   I n  a i r  a t  1400 F ,  

S t e l l i t e   c o a t i n g s   h a d  shown c o n s i d e r a b l e   p r o m i s e .   T h e   p e r f o r m a n c e  

of the   co ld-worked   Haynes  25 K a s   p r o b a b l y   a l s o   h u r t   b y  a l a c k   o f  

a p r o t e c t i v e   o x i d e .  

7 .  The i m p o r t a n c e   o f   t h e   r e l a t i v e   p o s i t i o n   o f   t h e   c o a t i n g s   o n   t h e  

s l i d i n g   b e h a v i o r   o f   c e r a m i c   c o a t i n g s   r u n n i n g   a g a i n s t   m e t a l - b o n d e d  

c o a t i n g s  was n o t   c l e a r l y   d e m o n s t r a t e d   i n   t h e s e   t e s t s .  However, 

t h e   r e s u l t s  seem t o   I n d L c a t e   t h a t  i t  d o e s  make a d i f f e r e n c e .  

8 .  The e u t e c t i c   f l u o r i d e   f i l m   d i d   g i v e   p r o m i s i n g   r e s u l t s   a s   f a r   a s  

s u r f a c e   p r o t e c t l o n  was c o n c e r n e d ,   b u t   s e v e r a l   p r o b l e m s   w e r e  

e n c o u n t e r e d   i n   u s i n g   t h i s   c o a t i n g .  The  most   ser ious  one  was 

t h e   t e n d e n c y   f o r  some c o n s t i t u e n t   t o   v a p o r i z e   o u t   o f   t h e   c o a t i n g  

and   condense   on   t he   capac i t ance   p robes .  

The r e s u l t s   o b t a i n e d   w i t h   t h e   f l u o r i d e   f i l m   s d g g e s t   t h a t   t h i n n e r   f l l m s ,   o n   t h e  

o r d e r   o f  0.1 mils f i n i s h e d   t h i c k n e s s ,   w o u l d   b e  l e s s  l l k e l y  t o  cause   p roblems.  

I f   t h i s   f l u o r i d e  f i l m  c o u l d  b e  a p p l i e d  on t h e   s a r f a c e   o f   t h e   c h r o m e   c a r b i d e  

c o a t i n g ,   i t   s h o u l d   p r o v i d e   a n   o p t i m u m   c o m b i n a t l o n .  



7 . 0  RECOWNDATIONS FOR FUTURE WORK 

One p r o m i s i n g  material  c o m b i n a t i o n  was i s o l a t e d  as  a r e s u l t   o f   t h e s e  t e s t s .  T h a t  

c o m b i n a t i o n  was a 2 5   p e r c e n t  n i c k e l  ch rome-bonded   ch rome   ca rb lde   coa t ing  mated 

a g a i n s t  a s e l f - b o n d e d  A1 0 coa t ing .   However ,  t he re  are  s t i l l  a number of 

i m p o r t a n t   q u e s t i o n s   w h i c h   m u s t  be a n s w e r e d   b e f o r e   t h e s e  materials c a n   b e   u s e d  
2 3  

e f f e c t i v e l y   i n   a n y   p r a c t i c a l   a p p l i c a t i o n .   T h e s e   q u e s t i o n s   i n c l u d e :  

1. The   Composi t ion   o f  the  C k o m e   C a r b i d e  

T h e r e  are  a t  l e a s t  t h r e e   c o m p o s i t i o n s   o f   c h r o m e   c a r b i d e   t h a t   c a n   b e  

a p p l i e d   b y   p l a s m a   s p r . a y i n g .   T h e s e   d i f f e r   o n l y   i n   t h e   p e r c e n t  of n l c k e l -  

c h r o m e   b i n d e r  metal. F o r   e x a m p l e ,   t h e r e  i s  a s t r a i g h t ,  s e l f - b o n d e d  chrome 

c a r b i d e   w i t h   n o   b i n d e r ,   o n e   w l t h  15 p e r c e n t   n i c k e l   c h r o m e   b i n d e r   a n d  

o n e   w i t h  25 p e r c e n t   n i c k e l   c h r o m e ,  Some e f f o r t   s h o u l d   b e  made t o  d e t e r -  

mine i f   t h e r e  i s  a m a r k e d   d l f f e r e n c e   i n   p e r f o r m a n c e  among t h e s e   t h r e e  

so t h a t   a n   a t t e m p t   c a n   b e  made t o  o p t i m i z e   t h e   c o m p o s i t i o n .  

2 .   The  Importance of U s i n g  A 1  0 as  t h e   M a t i n g   S u r f a c e  

The p r i n c i p a l   r e a s o n   f o r   c h o o s i n g   a n  A 1  0 c o a t i n g   t o   r u n   a g a i n s t   c h r o m e  

c a r b i d e  was b e c a u s e   o f   t h e   h y p o t h e s i s   t h a t   t h e   u s e  of a s e l f - b o n d e d  

o x i d e   c o a t i n g   o n   t h e   b e a r i n g   w o u l d   i n h i b i t  metal t r a n s f e r   a n d   w e l d i n g .  

The r e s u l t s  of t h e s e   t e s t s   d l d   n o t   b e a r   t h i s   o u t .   I n   o n e  c a s e ,  where   an  

A 1  0 :eating o n   t h e   b e a r i n g  was r u n   a g a i n s t  a t u n g s t e n   c a r b i d e   c o a t i n g  

on t h e   j o u r n a l ,   r e l a t i v e l y   p o o r   p e r f o r m a n c e  was obtained. T h i s  was i n  

m a r k e d   c o n t r a s t  t o  t h e   e x c e l l e n t   r e s u l t s   o b t a i n e d   w i t h   t h e  A 1  0 c o a t e d  

b e a r i n g   r u n n i n g   a g a i n s t  a c h r o m e   c a r b i d e   c o a t e d   j o u r n a l .  A s  f a r  a s  t h e  

t h r u s t   b e a r i n g  i s  c o n c e r n e d ,  1t m i g h t   b e   b e t i e r  t o  u s e   c h r o m e   c a r b i d e  mated 

a g a i n s t   i t s e l f .   I n  a s t u d y   o f   s t e a m - l u b r i c a t e d   b e a r l n g  mater ia l s ,  whlch was 

j u s t   c o m p l e t e d  f o r  t h e  A E C ,  i t  was f o u n d   t h a t   s e l f - m a t e d   c h r o m e   c a r b i d e  

a p p e a r e d  t o  b e  a p r o m i s i n g   C o m b i n a t i o n   f o r   t h e   t h r u s t   b e a r i n g s   i n  a s t e a q  

e n v i r o n m e n t .  I f  i t  w a s   p o s s i b l e  t o  r u n   c h r o m e   c a r b i d e   v e r s u s   i t s e l f   I n   t h e  

a r g o n - 1 u b r i : a t e d   t h r u s t   b e a r i n g s ,  ~t would  be a b e t c e r   c h o i c e  of  mater ia ls  

b e c a u s e   t h e   c h r o m e   c a r b i d e   h a s  more d u c t i l i t y   a n d  i s  much l e s s  s u s c e p t i b l e  

t o   c h i p p i n g   t h a n   t h e   s e l f - b o n d e d  A 1  0 would   be .  2 3  
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3 ,  Improved  Means of  A p p l y i n p   S o l i d   L u b r i c a n t   F i l m s  

The r e s u l t s   o b t a i n e d  w i t h  t h e  NASA e u t e c t i c   f l u o r i d e   f i l m ,  altd w i t h   t h e  

Dow Corn ing   ce ramic   bonded  MoS2 f i l m ,  show  the   impor t ance  oE d e v e l o p i n g  

b e t t e r   t e c h n i q u e s   f o r   a p p l y i n g   t h e s e   s o l i d   l u b r i c a n t s .   A l l  oE t h e  rest11 t s  

which   have   bee .n   ob ta ined  t o  d a t e   i n d l c a t e   t h a t  t he  b e s t   p e r f o r m a n c e   c o u l d  

b e   o b t a i n e d  i f  t h e   s o l i d   l u b r i c a n t  f l l m  was a p p l i e d   o v e r   t h e   p l a s m a -  

s p r a y e d   c o a t i n g s .   T h e n ,   e v e n   i f   t h e   s o l i d   l u b r i c a n t   f i l m   w a s   w o r n   a w a y ,  

t h e  h a r d   c o a t i n g s   w o u l d  s t i l l  p r o t e c t   t h e   s u r f a c e .  It  migh t  a l s o  be  

p o s s F b l e  t o  a d j u s t  t he  p o r o s i t y  of t h e  c o a t i n g  so  t h a t  more r e s e r v o i r s  

w o u l d   b e   a v a i l a b l e  t o  r e t a i n   t h e   s o l i d   l u b r i c a n t .   T h l s   w o u l d   h a v e  t o  be  

d o n e   c a r e f u l l y  t o  s t r l k e  a r e a s o n a b l e   b a l a n c e   b e t w e e n   t h e   s t r e n g t h   a n d  

v o ~ d   c o n t e n t  of  t h e   p l a s m a   c o a t i n g .  

- 4.. The E f f e c t   o f   T e m p e r a t u r e  

Once t h e  opt imum  combina t ion  of c o a t L n g s   h a s   b e e n   e s t a b l i s h e d ,   e v a l u a t i o n s  

s h o u l d   b e  made o v e r   t h e   e n t i r e   t e m p e r a t u r e   r a n g e .   T h u s   f a r ,  t e s t s  have 

o n l y   b e e n  made a t  900 F and a t  1400 F .  The   per formance   should   be   checked  

o v e r   t h e   e n t i r e   o p e r a t i n g   t e m p e r a t u r e   r a n g e   w h i c h   p r e s u m a b l y   i n c l u d e s  

room a m b i e n t .  I t  woclld b e   v e r y   w o r t h w h i l e  t o  I n c l g d e  some e v a l u a t i o n s  

of c h r o m e   o x i d e   v e r s u s  chrome o x i d e  t o  compare   wLth   t he   ch rome   ca rb ide ,  

p a r t i c u l a r l y  a t  t e m p e r a t u r e s   b e l o w  600 F ,  b e c a u s e  i t  i s  v e r y   p o s s i b l e   t h a t  

t h e   c h r o m e   c a r b l d e   n l g h t   p r o v e  t o  be a s  good as t h e   c h r o m e   o x i d e ,   e v e n   i n   t h e  

low t e m p e r a t u r e   r e g i o n .  T h i s  would   be  a s i g n i f i c a n t   f i n d i n g   b e c a u s e   t h e  

c h r o m e   c a r b i d e  i s  easLer t o   a p p l y . .  

-4: - 

I 
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S h a f t  Material 

1 ,  H a r d e n e d   S t e e l  

TABLE 1 MATERIAL  COMBINATIONS WHICH WERE USED I N  EARLY GAS B E A R I N G  WORK 
Tempera ture  

I "  Bear ing  Materig1 

2 ,  Hardened   meta ls  o r  
hard  chrome p la te  

3 .  Hard   meta l   sur faces  

L C  N i t r i d e d   N i t r a l l o y  

rc 
3 

5 .  Hard   Meta l   Sur faces  

6 ,  H a r d e n e d   t o o l   s t e e l  

7 .  S t e l l i t e  

8 Hard ,  Lapped  chrome 
p l a t e  

9 .  Hard  metal  sur  €ace  

Leaded  bronze 

Z a r b o n - g r a p h i t e s   o r  
ne t a l  f i l l e d   c a r b o n -  
g r a p h i t e  

Metals w i t h   t h i n   r e s -  
i n  bonded   so l  i d  lub-  
r i c a n t s  

Same a s  s h a f t  

DU" bonded t o   m e t a l  

Same a s  s h a f t  

Hard   chrome  p la te  

Mone 1 

Meehani te  

, i m i t a t i o n s  

2 5 0  F .  

To 1000 F 
depending  
on   g rade  

To 600 F .  

To 800  F 

500 F .  

700 F ,  

800  F .  

700 F .  

350 E .  

A p p l i c a t i o n s  

H y d r o s t a t i c   B e a r i n g s  

Hydrodynamic 

H y d r o s t a t i c   a n d  
hydrodynamic 

Same a s  above 

Same a s  above 

H y d r o s t a t i c  

Hydrodynamic 

Hydrodynamic 

Hydrodynamic 

- E=er i ence  

L imi t ed   s l i d ing   compa t -  
i b i l i t y .   F a i l u r e s  a t  
h i g h   s p e e d s .  

Exce 1 l e n t   s l o w   s p e e d  
s l i d i n g   b e h a v i o r .  Oc- 
c a s i o n a l   f a i l u r e s  a t  
h i g h   s p e e d .   P o o r   t h e r -  
m 1 e x p a n s i o n   c h a r a c -  
t e r i s t i c s .  

E x c e l l e n t  a s  l o n g  as 
c o a t i n g  was i n t a c t .  
L imi ted  wear l i f e .  

U n r e l i a b l e ,   r a n d o m  
f a i l u r e s  

D i f f i c u l t   t o   r e t a i n  D U .  
L i m i t e d   l o a d   c a r r y i n g  
c a p a c i t y .   E x c e l l e n t  
s l i d i n g   b e h a v i o r .  

P o o r   s l i d i n g   b e h a v i o r .  

Good f o r  s t a r t s  and  
s t o p s  I 

; Good f o r  s t a r t s  & s t o p s .  

I 

Good f o r  s t a r t s  & s t o p s .  
P o o r   c o r r o s i o n  res i s -  
t a n c e  

2:Proprietary  composi te  made by s i n t e r i n g   b r o n z e   p a r t i c l e s   o n  s t e e l  s h e e t   a n d   i m p r e g n a t i n g   p o r e s   w i t h  
T e f l o n   a n d   l e a d ,  



1 

T i  I t  i n g  Pad 

Chrome Oxide  on 
43b0 S t e e l  

A1203 on 
Haynes 25 

s 
I 

A 1  0 on  A-286 
S ta   Ln le s s  2 . 3  

TABLE 2 SUMMARY  OF RESULTS ON START-STOP TESTS 
TILTING PAD JOURNAL  BEARINGS AT 900 F .  I N  ARGON 

S t a r t - S t o p   C y c l e :  0 - 3400 rpm - 0 

Torque  Values  Running  Film  Torque  Values To ta 1 
Inch-Pounds  Thickness   in   Inch-Pounds Number o f  

, ,  Before Test Mils A f t e r  rest Cycles  Run 
* 

Journa  1 75 F. 1000 F. 1 S t a r t  End 1 1600F. 75F,  1 
Same a s  

Pad ~, 0,45 0 . 3  
I 

0.75 0.5 
meas 

Cold-worked I 
Haynes 25 

~ 0 . 3  0 . 6  
0 , 7 5  0.75 I 180 1 C 0 - 5  E'alled 

(no   coa t ing )  

Cobal t   bonded 

S t a i n l e s s  
bide  on  A-286 
Tungs ten   car -  

A 1000 0 . 9  0 : 4 5  1 . 0  0 , 5  0.15 1.5 

7 % ~  RaKing : A - Good combina t i o n  

B - F a i r  comblnat ion 

C - Poor comblnat lon 



I c 
03 
I 

TABLE 3 SURFACE PROFILE MEASUREMENTS ON START-STOP  SPECIMENS 

TILTING PAD  JOURNAL  BEARINGS AT 900 F .  I N  ARGON 

Befo re  Test 

Appearance Roughness 
Material Combinat ion 

p i n .  

Chrome oxide  on 

4340 s t e e l  j o u r n a l  
18 Same a s  pad Chrome ox ide   on  

d u l l   f i n i s h  4340 s t e e l  pad 
12 Smoo t h  , 

A 1  0 on  Haynes  25 Smoo t h  , 9 
2 3  Pad d u l l   f i n i s h  

Cold-worked  Haynes  25 
J ourna  1 (no  c o a t   i n g  1 

12 Shiny  

A 1  0 on  A-286  Smooth , 11 
s t a l n l e s s  pad d u l l   f i n i s h  2 . 3  

Coba I t -bonded  tung-  10 
s t e n   c a r b i d e   o n   f i n i s h  
A-  2 86 j ourna  1 

A f t e r  Test Typ ica 1 Maximum Va l u e s  
A f t e r  Test 

Appearance  V a l l e y  Peak Roughness 
p i n .  

Po 1 ished   con-  
t ac t  a r e a s  

100 p i n .  50 p i n .  12 

150 p i n .  5 0  p i n .  15 Same a s  pad 

C o n s i d e r a b l e  
metal t r a n s f e r  
a t  e d g e s  
Scored a t  e d g e s  
o f   p a d   c o n t a c t  

Smooth s t r e a k s  
o f   t r a n s f e r r e d  

25p i n .  75 p i n .  

material 
F a i n t  , smooth 
c o n t a c t s  

i 



T i  It ing  Pad 

A1203  on TZM 

I 

\D P A l 2 O 3  on TD 
I n i c k e l  

Rene 41  (no 
c o a t i n g )  

Journa 1 

TABLE 4 SUMMARY OF RESULTS ON START-STOP  TESTS 
TILTING PAD JOURNAL BEARINGS A T  1400 F .  IN ARGON 

S t a r t - S t o p   C y c l e :  0 - 3400 r p m  - 0 

N i - C r  bonded 
chrome  car-  
bide  on TZM 

S t e l l i t e  6 
on 

Haynes 25 

Rene 41 
cod t e d  w i th  
BaF2  /CaF2 

Torque Values 
.Inch - Pounds 
Before r e s t  

'5 F 1400 F .  

"""" 

0,3 0 . 6  

0,3 0 9 

.0.3 1 ; 2  

Running F i l m  
T h i c k n e s s   i n  

M i  l e  

S t a r t  End 

0.2 

0 . 3  

0 t o  
s t a r t  

0.4 

0.5  

&0.5 

Improv- 
ed t o  
-0,6 m i l .  

Torque  Values  Tota 1 
Inch-Pounds Number of  

~ _ I _ _ "  

A f t e r  rest 

1400 F .  75 F. 

0 . 7 5  Not 
mea s 

0 . 6  0.3 

1'5 1 . 2  

Cycles  Run 

1000 

1000 

1000 

R a t i n g  
-.k 

'4 R a t i n g ;  A - good combinat ion 

B - f a i r   c o m b i n a t i o n  

C - poor   combinat ion 

I 



T A B U  5 SURFACE PROFILE MEASUREMENTS O N  START-STOP  SPECIMENS 

TILTING PAD JOURNAL  BEARINGS AT 1400 F .  IN ARGON 

Typ i c a  1 Maximum Va l u e s  
Befo re  Test  A f t e r   T e s t  

Appearance  Roughne s 3 
.- 

@ i n .  

S m o o t h ,   d u l l  6 
and   dark  

S m o o t h ,   d u l l  10 
m e t a l l i c  

1 
C o n s i d e r a b l e  8 
t r a n s f e r r e d  

C i r c u m f e r e n t i a l  6 0  
s c r a t c h e d   a n d  
t r a n s f e r r e d  1 
m a t e r i a  1 ! 
C o n s i d e r a b l e  I 8 

1 t r a n s f e r   o f  
'1 f l u o r i d e   f i l m  
! i n   l o a d   z o n e  

A f t e r   T e s t  
Va 1 l e y  

I 

Mate r i a l   Combina t ion  Appearance Roughness 
C. in. 

6 0  p i n  60  p i n  A1203  on TZM pad Smooth , 
p o l i s h e d  

6 

Smoo th,  dull 
m e t a l l i c  

12 70 p in 100 p i n .  Nicke 1- chrome  bonded 
ch rome   ca rb ide  on TZM 
j ourna 1 

I 
VI 
0 A1203 on  TD n i c k e l  

I 

Pad 
Smooth, 
p o l i s h e d  

1- 2 

Smooth, 
p o l i s h e d  

S t e l l i t e  6 on 
Haynes 25 j o u r n a l  

1- 2 

Rene 4 1  pad  (no  coat-  
i n g )  

Smooth 8 50 p i n .  

Rene 4 1   J o u r n a l   c o a t -  
ed  with  BaF2/CaF 2 

20 ~ Smooth e x c e p t   3 5  3 20 p i n .  
' f o r   o n e  area i n  
' c e n t e r   w h e r e   f i l m  
1 was  removed 

D u l l ,  
machine 
t o o l  
f i n i s h  

200 p i n .  



Material  Combination 
Grooved Thrus t  

Bearing 
Chrome Oxide  on 
4340 S t e e l  

Cobalt  bonded 
Tungsten  Carbide 
on A-286 s t a i n -  
less I 

UI + 
I 

A1203 on  Haynes 
25 ( s o l .   t r e a t e d )  

Nickel-chrome 
bonded chrome 
carbide  on TZM 
molybdenum 

TABLE 6 SUMMARY  OF  RESULTS  OF  START-S’TOP TESTS 
THRUST  BEARINGS AT 900 F .  I N  ARGON 

S tar t -S top   Cycle :  0 - 3400 rpm - 0 

Pla in   Thrus t  
Co l l a r  

Performance 

Chrome Oxide  on 
A f t e r  10 cyc les ,   reduced   to  2 p s i  4340 S t e e l  
S t a r t e d  tes t  a t  2.4 p s i  s t ress  

A f t e r  75 cyc le s ,   r educed   t o   1 .5   p s i  
A f t e r  420 cyc le s ,   r educed   t o  1 p s i  
A f t e r  615 cyc le s ,  would n o t  l i f t  

A 1  0 on A-286 S t a r t e d   t e s t   a t  3 . 2  p s i  stress 
s t a l n l e s s  A f t e r  30 cyc le s ,   r educed   t o  2 p s i  

Af t e r   120   cyc le s ,   r educed   t o   1 .5  p s i  
Completed  1000 cyc le s  a t  1 . 5  p s i  

2 .3  

Cold-worked 
Tr i ed   t o   run  a t  1 p s i .  Haynes 25 
Shaky  from s t a r t .  

Af t e r   60   cyc le s  a t  1 p s i  - no l i f t  (no  coat  ing ) 

A1203 on TZM S t a r t e d   t e s t   a t   2 . 5   p s i  
Completed 1000 c y c l e s   a t   2 . 5   p s i  
Increased  s t ress  t o  3 .2  p s i  
Ran 270 more cycles  with  no  problem 

Typica l   Sur face  , F i n i s h  p in.(a), 
Before , A f t e r  

” 
B 1  

8 C 2 ’  

5 
i 

B 1  

80 c 4  

15 

Appearance a f te r  Tes t  

Su r   f aces   bad ly  worn , 
e s p e c i a l l y  on edges  of 
grooves.   Considerable 
abrasion.  (See  Fig.   16) 

Some m a t e r i a l   t r a n s f e r  
t o  A1203. Grooves wear- 
ing   on   edges .   Sur faces  
are i n   f a i r l y  good 
condi t ion.   (See  Fig.  17)  

Grooves  badly  worn, 
some metal t r a n s f e r  
and  abrasion.   (See Fig.18) 

S l i g h t  amount o f   t r a n s f e r ,  
b u t   s u r f a c e s   i n  good 
cond i t ion .  Very l i t t l e  
wear. (See  Fig. 19) 

( a )  Taken  on worn area o f  grooves 

(b) ”B” 1s Thrust  Bearing 

(c )  “C” i s  Thrust   Col lar  



TABLE 7 SUMMARY  OF  RESULTS OF START-STOP  TESTS 
THRUST  BEARINGS  AT 1400 F .  I N  ARGON 

S ta r t -S top   Cyc le :  0 - 3 4 0 0  rpm - 0 

Material Combination 
Grooved  Thrust 

Bearing 
P la in   Thrus t  

C o l l a r  

Nickel-chrome 
Haynes 25  bonded  chrome c a r -  

on 

( S O L  t r e a t e d )  bide(')  on Rene 4 1  

S t e l l i t e  6 on A1203 on TD 
I Haynes 25 
VI 
N 
I 

n i c k e l  

Nickel-chrome 
a l l o y  on Rene 41 

BaF2/CaF 
c o a t i n g  on 2 

Rene 41 

Performance 

S t s r t e d  tes t  a t   3 . 2   p s i  s t ress  
A f t e r  50 c y c l e s ,   r e d u c e d   t o  2 . 5  p s i  
A f t e r  275 c y c l e s ,   r e d u c e d   t o  1.L p s i  
Completed 1000 c y c l e s   a t  1.4 p s i  

6 

10 

Typical Su r fa  e 

I FLnlsh $ Before   Af te r  
Appearance a f t e r   T e s t  I 

I I 
S t a r t e d  t e s t  a t  2 p s i  stress 
After 10 cycles ,   reduced   to  1 p s i  
After 9 0  c y c l e s ,   n o   l i f t  

B l  

c 2  

30 

4 

Would n o t   l i f t   i n i t i a l l y ,   e v e n  a t  

A f t e r  4 5  c y c l e s   a t  1.4  p s i ,   b e a r i n g  
running well. 
Increased  stress t o  2 p s i   a f t e r  5 9 0  
c y c l e s ,  no l i f t ,  

1.4  p s i  
B 1  

c 2 0  

20 

3 2  

Some t r a n s f e r   t o  A 1  0 
S u r f a c e s   i n   f a i r l y  
3ood condi t ion.   (See 
Figo 20): 

2 3 .  

Laads  badly  worn, 
some hea t   checking .  
(See F i g .  21)  

r r a n s f e r   o f   f l u o r i d e   t o  
t h rus t   bea r ing .   Lands  
s l i g h t l y  worn a t  edges.  
(See  Fig.  2 2 )  

( a )  A s o l i d   l u b r i c a n t   f i l m   c o n t a i n i n g  MoS2 was a p p l i e d   t o   t h e s e   c o a t i n g s ,   b u t  mos t   o f   t he   f i lm  was 

(b! Taken  on  worn area of   grooves.  

( c )  "B" L S  Thrust   Bearing 

(d )  I ' C "  1 s  T h r u s t   C o l l a r  

removed d u r i n g   f i n a l   l a p p i n g ,   a n d  i t  p r o b a b l y   h a d   n o   b e n e f i c i a l   e f f e c t   o n   t h e   r e s u l t s .  



Material Combination 

T i l t i n g  Pad 

Chrome ox ide   coa ted  
4340 s tee l  

A1203  coated A-286 
s t a i n  less 

A1203 coa ted  

Haynes 25 

A1203 coa ted  
Rene 41 

TABLE 8 SUMMARY OF RESULTS OF H I G H  SPEED RUB TESTS(a’ 
TILTING PAD JOURNAL BEARING TESTS A T  900 F .  I N  ARGON 

Speed - 38,500 rprn 

Jou rna  1 

Chrome ox ide   coa ted  
4340 s t e e l  

Coba l t  bonded T‘ung- 
s t e n   c a r b i d e  on  A-286 
s t a i n l e s s  

Cold-worked  Haynes 2 5  
(no   coa t ing )  

N i - C r  bonded  chrome 
ca rb ide   on  Rene 4 1  

I n i t i a l  
F i lm  

Th ickness  

0.5 mils 

0 .5  mils 

0 . 6  mils 

0 ; 5  mils 

R e s u l t s  

Survived 50 d rops   o f  1 pound - 

18 d rops  of  3 pounds 
Rubbing  contact  a t  s p e e d   a f t e r   t h i s  
sequence.   (See  Fig. .  23) 

Survived 50 d r o p s   o f  1 pound 
Touching a t  speed a t  t h i s   p o i n t .  
(See   F ig .  24)  

Survived 50 d r o p s  of 1 pound. 
(Susp ic ion   o f   t ouch ing  a t  speed 
a t  t h i s   p o i n t .  j 
2 d r o p s  o f  3 pounds.  
Pad s e i z e d :   ( S e e   F i g .  25) 

Survived 50 d rops  o f  1 pound 
20 drops  of 3 pounds 
S t i l l   r u n n i n g   e f f e c t i v e l y  on 
0 .5  m i l  f i lm .   (See   F ig .  26) 

( a )  50 d rops   o f   one  pound  from 1“ h igh  
20 d r o p s  o f  three  pounds  from 1” h i g h  
10 d r o p s  of f ive  pounds  f rom 1” h igh  
10 drops  of   seven  pounds  f rom 1” h i g h  



TABLE 9 SURFACE PROFILE MEASUREMENTS OF HIGH SPEED RUB SPECIMENS 
TILTING PAD .rOURNAL BEARING TESTS AT 900 F .  I N  ARGON 

Maximum Va lues  
After Test Befo re  

Appearance 
Test A f t e r   T e s t  

Va 1 l e y  Peak Appearance E 

Worn 
smoothly 

Worn 
smoothly 

Worn 
smoo t h   l y  
some PO l ish-  
e d   t r a n s f e r  

Numerous 
a b r a s i o n  
s c r a t c h e s  

P a r t  of 
A 1  0 c o a k  
i n g   ? a i l e d  

Badly  
damaged 

L i g h t  
t r a n s f e r ,  
p o l i s h e d  

P o l i s h e d  
i n   c o n t a c t  
area 

M a t e r i a l   C o m b i n a t i o n  

Chrome o x i d e  on LC340 s t e e l  Fad  

?gbness  , i n -  
14 

14 

Smooth , 
d u l l  

Smooth, 
d u l l  

12 

18 

250 L~ i n .  

150 u i n .  

100 u i n .  

200 p i n  Chrome oxide   on  4340 s t e e l  j o u r n a l  

A 1  0 on  A-286 s t a i n l e s s  pad 2 3  
11 

10 

19 

18 

25 p i n .  

50  u i n .  

Smooth, 
d u l l  

Smooth, 
s h i n y  

150 i n .  

100 p i n .  

I 
UI 
L- 

C o b a l t - b o n d e d   t u n g s t e n   c a r b i d e  
o n   A - 2 8 6   s t a i n l e s s   j o u r n a l  

-t 
10  

5 

A 1  0 on  Haynes 25 pad 2 3  
Smooth , 
d u l l  

Smooth . 
s h i n y  

" 

" 

" 

" 

10 p i n .  

50 u i n .  

Cold-worked  Haynes 25 J o u r n a l  
( n o   c o a t i n g )  

A 1  0 on Rene 4 1 pad 
2 3  

Smooth, 
du 11 

D u l l ,  
m e t a l l i c  

10 

45 

60  p i n .  

350  u i n .  

6 

15 Nickel-chrome  bonded  chrome 
c a r b i d e  on REne L1 j o u r n a l  



TABLE 10 SUMMARY OF RESULTS OF H I G H  SPEED RUB TESTS 
TILTING PAD JOIJRNAL BEARING TESTS AT 1400 F .  I N  ARGON 

Speed 38,500 rpm 

Material Combination 

T i l t i n g  Pad Results J ourna 1 
I 
w 
v, 

I 
A 1  0 coated  TD Nicke l  S t e l l i t e  6 coa ted  

be ing   brought  up t o   s p e e d .   P a r t  of A120 c o a t i n g  Haynes 25 
Bea r ing   s e i zed   on   j ou rna l  a t  30,000 rpm w h i l e  test 

t o r n  sway  from TD n i c k e l   s u b s t r a t e .   S t e ? l i t e  ( s o l u t i o n   t r e a t e d )  

2 3  

coa t ing   badly   gouged .   (See   F ig .   27)  

Rene 4 1  ( n o   c o a t i n g )  BaF /CaF2 f i l m  2 
Bear ing   se ized   on   journa l  at 25,000 rpm w h i l e  test 
be ing   b rough t  u p  t o  speed .  One area o n   j o u r n a l  
l o s t   t h e   c o a t i n g .  Rest o f  s u r f a c e s   i n   v e r y  good 
cond i t ion .   (See   F ig .   27 )  

on  Rene 41 



TABLE 11 SUMMARY OF RESULTS OF H I G H  SPEED RUB TESTS 
THRUST BEARING TESTS A'r 900 F .  I N  ARGON 

SDeed 3 8 , 5 0 0  rpm 

M a t e r i a  1 Combination I n i t i a l  
Grooved  Thrust  F i  l m  P l a i n   T h r u s t  

B e a r i n g  

1 . 5  mils 3 s t a i n ~ e s s  A-286 s t a i n l e s s  
A 1  0 on  A-286 Tungs ten   carb ide   on  

T h i c k n e s s  C o l l a r  

I I 
Chrome o x i d e  on 
4340 s t e e l  

A1203 on  Haynes 25 

( s o l u t i o n   t r e a t e d )  

Cold-worked 
Haynes 25 

1 . 5  mils 

Nickel-chrome  bonded 

T ZM 
chrome c a r b i d e  on 

A L 2 0 3  on TZM 1.5 

R e s u l t s  

Su rv ived  2 50 d r o p s  of 1 pound 
20   d rops   o f  3 pounds 
Stopped tes t  to   examine   and   photograph  
s u r f a c e s .  When b e a r i n g  was b r o u g h t  up t o  
t e m p e r a t u r e   a g a i n ,  i t  would not l i f t  
p r o p e r l y   b e c a u s e   o f   w a r p a g e .  

S u r v i v e d   5 0   d r o p s   o f  1 pound 
2 0  d r o p s   o f  3 pounds 
10 d r o p s   o f  5 pounds 
10 d r o p s   o f  7 pounds 

a f t e r  20 d r o p s   o f  3 pounds .) 
(Did   no t   s top  t e s t  t o   e x a m i n e   s u r f a c e s  

S u r v i v e d :  50 d r o p s   o f  1 pound 
20 d r o p s  o f  3 p o u n d s   ( f i l m   t h i c k n e s s  
now 0,5 m i l s )  
10 d r o p s   o f  5 pounds 
8 d r o p s  o f  7 pounds   (bea r ing   t ouch ing)  

s u r f a c e s  ) 
(Did   no t   s top  t e s t  i n   t h e   m i d d l e   t o   e x a m i n e  

S u r v i v e d :  50 d r o p s   o f  1 pound 
20 d r o p s   o f  3 pounds 
10 d r o p s   o f  5 pounds 
10 d r o p s  of  7 pounds 

e x a m i n e   s u r f a c e s .  1 
( D i d   n o t   s t o p  t e s t  i n   t h e   m i d d l e   t o  



'CABLE 1 2  SURFACE PROFILE MEASUREMENTS OF HIGH SPEED RUB SPECIMENS 
THRUST BEARING TESTS AT 900 F .  T N  ARGON 

Speed  38,500 rpm 

Crowning Due 
t o  Wear 

of Grooves 
Befo A f t e r   T e s t  

(a>  
Roughness 

r e   T e s t  
(a :  Roughness - 

- 

- 

- 

i 

Material Combinatior Appearance Appearance 

Tungs ten   ca rb ide  on 
A-286 t h r u s t   b e a r i n g  

Po 1 i s h e d  

Smooth 

Light  
a b r a s i o n  

Smooth 
t r a n s f e r  

9 
(peaks  60 u in.) 

None 

(See F ig .  28) 
A 1 2 0 3  on A-286 s t a i n  
l e s s  thrust  c o l l a r  

IC 
(peaks  0) 

I- 
None 

(See   F ig .  29) 

13 ( c e n t e r )  
(peaks  80 + i n .  j 

Chrome oxide  on 
4340 t h r u s t   b e a r i n g  

D u l l ,  
smooth 

D u l l ,  
srnoo th  

10 

5 

L i g h t   a b r a -  
s i o n  i n  
c e n t e r  

I 
VI 
v 

Chrome oxide  on 
I 4340 t h r u s t   c o l l a r  

36 ( c e n t e r )  
(peaks  4 0  9 i n .  

L i g h t   a b r a -  
s i o n   i n  
c e n t e r  

Light  
t r a n s f e r  
a t  c e n t e r  
and  edges 

A1203 on  Haynes 2 5  
t h r u s t   b e a r i n g  

~~ 

Smoo t h 

Pol i shed  

20 
(peaks  20 p i n . )  None 

(See  Fig.  30) Cold  -worked  Haynes '2 
t h r u s t   c o l l a r  

8 
(peaks 20 i ~ -  i n .  ) 

Uniform 
f i n e   a b r a -  
s i o n  

~~ ~ 

F i n e   a b r a -  
s i o n  

Uniform 
p o l i s h e d  
t r a n s f e r  

12 
(peaks 40 p i n .  ) 

Smooth, 
d u l l  

Smooth 

Nickel-chrome  bonded 
chrome  carbide  on 
TZM t h r u s t   b e a r i n g  

None 

(See  Fig.  31)  4 
(peaks  40 p i n . )  

A1203 on TZM 

t h r u s t   c o l l a r  

( a )  Microinches 



TABLE 13 SUMMARY OF RESULTS OF H I G H  SPEED RUB TESTS 
THRUST BEARING TESTS AT 1400 F. I N  ARGON 

Speed 38,500 rpm 

Material Combinat ion I n i  t ia 1 
Grooved  Thrust  Resul t s  Film P l a i n   T h r u s t  

B e a r i n g  Th ickness  C o l l a r  
i 

UI NickeL-chrome  bonded S u r v i v e d .  50 d r o p s  of  1 pound 1,5 m i L . 5  A1203 on TZM 
co chrome  carb ide  on 

TZM 
20 d r o p s  o f  3 pounds ;k 

10 d r o p s  o f  7 pounds 
* B e a r i n g   w e n t   u n s t a b l e   s e v e r a l  times, b u t  

s t a b i l i z e d  when speed  was dropped  and 
then   brought   back  t o  38,500 rpm, 

Nicke l -chrome a l l o y  

Rene 41 
(Would n o t   l i f t  a f t e r  this. g r o o v e   p a t t e r n   o n  

S u r v f v e d ,  12 d r o p s  o f  1 pound 1 . 0  mils 
BaF2/CaF2 
e u t e c t i c  on 
Rene 41 



Material Combination 

Nickel-chrome  bonded 
chrome  carbide on TZM 
t h r u s t   b e a r i n g  

A 1  0 coa t ing   on  TZM 
I 2 3  
cn t h r u s t   c o l l a r  
'p 

Nickel -chrome  a l loy  
g r o o v e   p a t t e r n  on 
Rene 41 t h r u s t   b e a r -  
i n g  

BaF /CaF e u t e c t i c  
f i l ;   o n   i e n e  41 
t h r u s t   c o l l a r  

TABLE 14 SURFACE PROFILE MEASUREMENTS OF H I G H  SPEED RUB SPECIMENS 
THRUST BEARING TESTS AT 1400 F .  I N  ARGON 

Speed  38,500 rpm 

Before  Test 
lppearance  

D u l l ,  
smoo t h  

Smooth 

Po l i shed  

Dull   green 
f i l m  

Rou&ness 

8 

4 

1 

14 

Uniform 
Abras ion  

Smooth, 
po li shed 
t r a n s f e r  

Very l i g h t  
a b r a s i o n   i n  
cen te r   and  
o n   o u t e r  
edges  of  
grooves 

Film  gone 
off   most  o f  
b e a r i n g  
e x c e p t   o u t e r  
edges 

Ro3gQUe s s 

16 
(peaks 200 U i n .  
v a l l e y s   3 0 0  p i n . >  

8 

v a l l e y s  120 p i n . )  
(peaks  LO i n .  

5 

v a l l e y s  10 p i n . }  
(peaks  20 u i n .  

14 

v a l l e y s  40 u i n . )  
(peaks  40 p i n .  

Crowning Due t o  
Wear of Grooves 

0004 I' 

" 

( S e e   F i g .  3 2 )  

Dished ,  0005 h i g h  
a t  edge o f  grooves  
worn 0005 I' toward 
c e n t e r  

" 

(See   F ig .  3 3 )  



E. " 

( a )   P a d   A f t e r   F i r s t   S e r i e s  o f  High Speed  Rubs 

(b)  Tes t   Pad  ( c )  T e s t  S h a f t  

F i g .  1 C o n t a ? t   S u r f a c e s  o n  T i l t i n g - P a d   B e a r i n g   a n d   S h a f t   a f t e r  High  
Speed  Rubs.   Chrome  Oxide  Coated Pad v s  Chrome  Oxide  Coated 
J o u r n a l .  Run i n  Argon a t  60,000 rprn. T e s t   T e m p e r a t u r e  500 F. 

-60- 



(a) C a r b i d e  Pad a f t e r  F i r s t   S e q u e n c e  of Shock Loads 

(b )   Ca rb ide  Pad  (c) A l 2 O 3  S h a f t  

F i g .  2 C o n t a c t   S u r f a c e s   o n   T i l t i n g - P a d   B e a r i n g   a n d   J o u r n a l   a f t e r  
High  Speed  Rubs.   Nickel   Bonded  Tungs  ten  Carbide  Coated 
Pad v s  A 1 2 0 3  C o a t e d   S h a f t .  Run i n  Argon a t  60,000 rpm 
Tes t   Tempera tu re   350°F  

-61- 



Fig. 3 Surface  of  Tilting  Pad  Bearing  After 100 High  Speed 
Rubs at 48,000 rpm  in  Ambient  Air 

Bearing  Coating: 0.003' '  chrome  oxide 
plus 

0.0001" resin-bonded MoS 2 

-62 - 



Fig .  4 Chrome Oxide   Coated   Hydrodynamic   Journa l   and   Ti l t ing  Pad Bearings  f rom Navy 
Shock Test M a c h i n e   A f t e r   1 4 0 0   I m p a c t s .   B e a r i n g   S t i l l   F u n c t i o n i n g   S a t i s f a c -  
t o r i l y .  



High   Dens i ty   Coa t ing   Lower   Dens i ty   Coa t ing  

F i g .  5 Sur face   Appea rance   o f  Chrome   Ox ide   Coa ted   Pads   w i th   D i f f e ren t   Dens i ty  
C o a t i n g s   B o t h   P a d s   S u b j e c t e d   t o  One Hundred  High  Speed  Rubs a t  
48,000 rpm i n  A i r  

-64 - 



E ..,. c,, 77. r 
2L "" - 

Fig. 6 "Layout  Drawing of High  Temperature  Hydrodynamic  Bearing  Test Rig f o r  Materials Evaluations". 



F i g .  ? P a r t i a l l y   A s s e m b l e d  View of T e s t   R i g   S e t  Up f o r   T i l t i n g  Pad J o u r n a l   B e a r i n g  
E v a l u a t i o n s .   E n c l o s u r e   f o r   A r g o n   B l a n k e t i n g  i s  Not Shown. 



F i g .  8 View o f   P a r t i a l l y   A s s e m b l e d   T e s t   R i g   S e t  Up f o r   T h r u s t   B e a r i n g   E v a l u a t i o n s .  
One S i d e   o f   t h e   E n c l o s u r e   h a s   b e e n  Removed. 

-67 - 



F i g .  9 O v e r a l l  V i e w  o f  Test R i g   S e t  Up f o r   T h r u s t   B e a r i n g  
E v a l u a t i o n s   i n   a n   A r g o n   E n v i r o n m e n t  

-68- 



. .  

F i g .   1 0  Chrome  Oxide   Coated   Ti l t ing   Pad   Bear ing  v s .  Chrome  Oxide   Coated   Journa l .  
A f t e r  1000 S t a r t s   a n d   S t o p s  a t  900 F i n  Argon.  

-69 - 



I I 

Fig. 11 A 1  0 C o a t e d   T i l t i n g  Pad B e a r i n g  v s .  T u n g s t e n   C a r b i d e   C o a t e d   J o u r n a l .  
A f z e r  1000 S t a r t s  a n d   S t o p s  a t  900 F i n   A r g o n .  3 

-70- 

I 



F i g .   1 2  A 1  0 C o a t e d   T i l t i n g  Pad B e a r i n g  v s .  Uncoated  Cold-Worked  Haynes 25 Journal. 
F a l l e d   A f t e r  180 S t a r t s   a n d   S t o p s  a t  900 F i n   A r g o n .  2 3  



Fig. 13 A 1  0 C o a t e d   T i l t i n g  Pad B e a r i n g  v s .  S t e l l i t e   C o a t e d   J o u r n a l .  
Afzer 3 1000 S t a r t s   a n d   S t o p s  a t  1400 F i n   A r g o n .  
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F i g .  14 A 1  0 C o a t e d   T i l t i n g  Pad   Bear ing  v s .  Chrome C a r b i d e   C o a t e d   J o u r n a l .  
A f t e r  1000 S t a r t s   a n d  S t o p s  a t  1400 F .  i n  Argon. 2 3  

-73- 

I 



Fig .  1 5   U n c o a t e d   R e n e   4 1   T i l t i n g  Pad B e a r i n g  v s .  F l u o r i d e   F i l m   C o a t i n g   o n   R e n e   4 1  
J o u r n a l .   A f t e r   1 0 0 0   S t a r t s   a n d   S t o p s  a t  1400 F i n   A r g o n .  

-74 - 



G r o o v e d   T h r u s t   B e a r i n g   T h r u s t   C o l l a r  

O r i g i n a l   D e p t h   1 5 0 0  p i n c h e s  ,- 100 p i n c h e s  

300 p i n c h e s  

1500 p i n c h e s  
1500 p i n c h e s  

F i g .  16 Chrome Oxide  Coated  Grooved  Thrust   Bearings  vs .   Chrome 
O x i d e   C o a t e d   T h r u s t   C o l l a r .   F a i l e d   A f t e r   6 1 5   S t a r t s   a n d  
S t o p s  at 900 F i n   A r g o n .   F i n a l  Stress 1 psi. 

-75 - 





G r o o v e d   T h r u s t   B e a r i n g   T h r u s t   C o l l a r  

O r i g i n a  1 Depth 800 p i n c h e s  

/- 300 1 i n c h e s  

400 p i n c h e s  

700 p i n c h e s  

800  p i n c h e s  

Fig. 18 A 1 2 0 3  Coa ted   Grooved   Thrus t   Bea r ing  v s .  Uncoated  Cold-Worked 
Haynes 25 T h r u s t   C o l l a r .   F a i l e d   A f t e r  60 S t a r t s   a n d   S t o p s  
a t  900 F i n   A r g o n .   F i n a l   S t r e s s  1 Dsi. 

-77- 



G r o o v e d   T h r u s t   B e a r i n g   T h r u s t   C o l l a r  

800 p i n c h e s  

800 p i n c h e s  

800 p i n c h e s  

800 p i n c h e s  

F i g .  19 Chrome C a r b i d e   C o a t e d   G r o o v e d   T h r u s t   B e a r i n g  v s .  
A1203 C o a t e d   T h r u s t   C o l l a r .   C o m p l e t e d  1000 S t a r t s   a n d   S t o p s  

a t  2 . 5  p s i .   S t r e s s   a n d   a n   A d d i t i o n a l  2 7 0  S t a r t s   a n d  
S t o p s   a t   3 . 2  p s i  i n   A r g o n   a t  900 F .  

-78- 



Grooved   Thrus t   Bea r ing  T h r u s t   C o l l a r  

F i g .  20  Chrome C a r b i d e   C o a t e d   G r o o v e d   T h r u s t   B e a r i n g   v s .  
A 1 2 0 3  C o a t e d   T h r u s t   C o l l a r .   B o t h   S u r f a c e s  were Coated  
w i t h   S o l i d   L u b r i c a n t   F i l m   a n d   S u b s e q u e n t l y   L a p p e d .  
Completed 1000 S t a r t s   a n d   S t o p s  a t  1.4 p s i  a t  1400 F i n   A r g o n .  

-79- 



Grooved   Thrus t   Bea r ing  

O r i g i n a l   D e p t h  700 p i n c h e s  

,. ." .,., . .  . ."- . -1 
d 

T h r u s t   C o l l a r  

0 

500 IJ- i n c h e s  
600 IJ- i n c h e s  

F i g .  2 1  S t e l l i t e  6 Coa ted   Grooved   Thrus t   Bea r ing   v s .   A1203   Coa ted  
T h r u s t   C o l l a r .   F a i l e d   A f t e r  90 S t a r t s   a n d   S t o p s   a t  1 p s i  
i n   A r g o n  a t  1400 F .  

-80- 



Thrus t   Bear ing  AEter T e s t  

Thrus t   Bea r ing   Af t e r   C lean ing  
O f f  T r a n s f e r r e d   M a t e r i a l  

C o a t e d   T h r u s t   C o l l a r   A f t e r   T e s t  

Original   Depth 
7 0 0 r -  inches 

/ -. 600 u i nches  

F ig .  2 2  Nickel-Chrome  Alloy  Coated  Grooved  Thrust   Bearing vs. 
E u t e c t i c   F l u o r i d e   C o a t i n g  on Rene 41 T h r u s t   c o l l a r .  
Would Not Car ry  2 p s i   a f t e r  590 S t a r t - S t o p   c y c l e s   a t  
1400 F i n  Argon. 
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F i g .  23 Chrome   Ox ide   Coa ted   T i l t i ng   Pad   Bea r ing  v s .  Chrome  Oxide 
C o a t e d   J o u r n a l .   A f t e r  High Speed  Rubs a t  900 F i n  Argon.  

-82 - 



F i g .  24 A 1  0 C o a t e d  Tilting Pad   Bea r ing  v s .  T u n g s t e n   C a r b i d e  
Coated 2 3  J o u r n a l .  A f t e r   H i g h  Speed Rubs  a t  900 F in Argon. 
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I1 I1 I I I I 1  111 111 I I I I 1 1 1  I 111111111 I I1111 11 1111.11111 1-11- 

F i g .  25 A 1  0 C o a t e d   T i l t i n g  Pad B e a r i n g  v s .  Uncoated  Cold-Worked 2 3  Haynes 25 J o u r n a l .  After  High  Speed  Rubs a t  900 F i n   A r g o n .  

-04 - 



. ". . 

F i g .  26 A l 2 O 3  C o a t e d   T i l t i n g  Pad B e a r i n g  vs .  Chrome Carb ide   Coa ted  
J o u r n a  1. Af ter   High   Speed   Rubs  a t  900 F i n   A r g o n .  

-85- 



I 

S t e l l i t e  6 C o a t e d   J o u r n a l  A 1  0 Coated  Pad B e a r i n g  
2 3  

CaF2/BaF2  Coated  Journal   Rene 41 Pad  Bear ing  

F i g .  2 7  T i l t i n g  Pad B e a r i n g s   a n d   J o u r n a l s .   A f t e r   H i g h   S p e e d   F a i l u r e s  
a t  1400 F i n   A r g o n .  
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Carbide  Coat ing  Thrust   Bearing 
Af te r   Second   Se r i e s  of  Impacts 

O r i g i n a l  Depth 2000 P inches 

/- 2000 y- i nches  

A1 O 3  Coated   Thrus t   Col la r  
A f g e r   F i r s t   S e r i e s  of Impacts 

i nches  

inches  

A1 0 Coated Thrus t  C o l l a r  
Afger  Second S e r i e s  of  Impacts 3 

Fig.  2 8  Tungsten  Carbide  Coated  Grooved  Thrust  Bearing  vs. 2'3 Coated   Thrus t   Col la r .   Af te r  High Speed Rubs al: 900 F 
i n  Argon a t  38,500 rpm. 
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Grooved T h r u s t   B e a r i n g  

Or ig ina l  Depth   1200 p i n c h e s  

T h r u s t  C o l l a r  
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Grooved  Thrus t   Bear ing  T h r u s t  C o l l a r  

O r i g i n a l   D e p t h   1 6 0 0  p i n c h e s  

/- 1600 p i n c h e s  

1 6 0 0   i n c h e s  

1600 p i n c h e s  

F i g .  31 Chrome C a r b i d e   C o a t e d   G r o o v e d   T h r u s t   B e a r i n g   v s .  A 1  0 Coated  
T h r u s t   C o l l a r .   A f t e r   H i g h   S p e e d  Rubs  a t  900 F in   Argon  38,500 rpm. 2 3  
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Grooved T h r u s t  Bea r ing  

O r i g i n a  1 Depth 1600 p i n c h e s  

T h r u s t   C o l l a r  

1200 p i n c h e s  

1600 IJ- i n c h e s  

1600 IJ. i n c h e s  

F i g .  32  Chrome Carb ide   Coated   Groove   Thrus t   Bear ing   vs .   A1203  Coated  
T h r u s t   C o l l a r .   A f t e r   H i g h   S p e e d   R u b s   a t  1400 F in   Argon  
a t  38,500 rprn. 
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Grooved   Thrus t   Bea r ing  T h r u s t   C o l l a r  

O r i g i n a l   D e p t h  1500 p i n c h e s  

/- 1500 p i n c h e s  

1000 p i n c h e s  

1000 p i n c h e s  

F i g .  33 Nicke l -Chrome   Groove   Pa t t e rn   on   Rene   41   Thrus t   Bea r ing  v s .  
BaF /CaF E u t e c t i c  on Rene 4 1  T h r u s t   C o l l a r .   A f t e r   H i g h   S p e e d  
Rubs a t  '1400 F i n  Argon a t  38,500 rpm. 2 
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APPENDIX A 

TASK 111. BEARING MATERIALS  SCREENING  STUDY 

P u r p o s e :  

To s e l e c t   s u b s t r a t e   m a t e r i a l s   a n d   c o a t i n g s   f o r   a p p l i c a t i o n   t o   g a s   b e a r i n g s  

o p e r a t i n g   i n   a n   i n e r t   g a s   a t m o s p h e r e   a t   t e m p e r a t u r e s   o f  900 F and  1400 F. 

Scope   (From  Cont rac t )  

1. C o n c u r r e n t   w l t h   t h e   i n i t i a t i o n  of Task. I, a s c r e e n i n g   s t u d y   o f   t h e   l i t e r a t u r e  

a n d   c u r r e n t   r e l a t e d   m a t e r i a l   p r o g r a m s   s h a l l   b e   c o n d u c t e d   t o   i d e n t i f y   p o t e n ;  

t i a l l y   u s e f u l   s t r u c t ? J r a l   s d b s t r a t e   m a t e r i a l s ,   s o l i d   l u b r i c a n t   s u r f a c e   c o a t -  

i n g s ,   a n d   w e a r - r e s i s t a n t   s u r f a c e   c o a t i n g s   f o r   a p p l i c a t i o n   t o   g a s   b e a r i n g s  

o p e r a t i n g   i n   a n   i n e r t   g a s   a t m o s p h e r e   a t   t e m p e r a t u r e s   o f  900 F t o  1400 F .  

The s t d d y   s h a l l   i n c l u d e   c o n s i d e r a t i o n   o f  4 m a t e r i a l s   b e i n g   i n v e s t i g a t e d  

unde r  a NASA C o n t r a c t  

2.  A t  t h e   c o n c l u s i o n   o f   t h e   s t u d y   t h r e e  (3) c o m b i n a t i o n s   o f   s t r u c t u r a l   s u b -  

s t r a t e   m a t e r i a l   a n d   s u r f a c e   c o a t i n g s   s h a l l   b e   e k l e c t e d   f o r   e x p e r i m e n t a l  

e v a l T J a t i o n   a t  900 F S i m i l a r l y ,  a s e c o n d   s e t  of t h r e e  (3 )  c o m b i n a t i o n s   o f  

b e a r i n g   m a t e r i a l   a n d   s u r f a c e   c o a t i n g   s h a l l   b e   s e l e c t e d   f o r   e x p e r i m e n t a l  

e v a l u a t i o n   a t  1400 F,making a t o t a l   o f   s i x  ( 6 )  d i f f e r e n t   m a t e r i a l s   a n d   s i x  

( 6 )  c o a t i n g s .  The c r i t e r i a   f o r   m a t e r i a l   a n d   c o a t i n g   s e l e c t i o n   s h a l l   i n c l u d e :  

a .   L o n g - t i m e   d i m e n s i o n a l   s t a b i l i t y   a t   t e m p e r a t u r e  

b .   S u r f a c e   i n t e g r i t y   u n d e r   m o m e n t a r y   h i g h - s p e e d   r u b s  

c .   E a s e   a n d   q c l a l i t y   c o n t r o l  of c o a t i n g   a p p l i c a t i o n  

d .   A d h e r e n c e   i n t e g r i t y   a t   e d g e s   a n d   o t h e r   s h a r p   c h a n g e s   i n   s u r f a c e   c o n t o u r  

The s e l e c t e d   c o m b i n a t i o n s   s h a l l   b e   s J b m i t t e d   t o   t h e  NASA P r o j e c t   M a n a g e r   w i t h  

t h e   s c r e e n i n g   s t u d y ,   t o g e t h e r   w i t h   s u p p o r t i n g   d a t a   j u s t i f y i n g   t h e i r   s e l e c t i o n  

f o r   t h e   r e s p e c t i v e   t e m p e r a t d r e   l e v e l s .   T h i s   d a t a   s h a l l   b e   s u b m i t t e d   i n   a c c o r ;  

d a n c e   w i t h   A r t i c l e  11, P e r i o d   o f   P e r f o r m a n c e .  

-93- 



Recommendat ions   for   Bear ing   Comkmat ions  

For  r e a s o n s   w h i c h   a r e   d i s c u s s e d   b r i e f l y  on t h e   f o l l o w i n g   p a g e s ,   t h e  material 

c o m b i n a t i o n s   w h i c h   w e r e   s e l e c t e d   f o r   T a s k  I V ,  E x p e r i m e n t a l   E v a l u a t i o n s   o f  

B e a r i n g  Materials were  a s  fo l lows :  

900 F O p e r a t i o n  

B e a r i n g   M a t e r i a  1 J o a r n a l  - M a t e r i a l  

S u b s t r a t e  

1. A E l  4340 S t e e l   P l a s n a - s p r a y e d  AIS1 4340 S t e e l   P l a s m a - s p r a y e d  
" C o a t i n g  "- S u b s t r a t e   C o a t i n g  

c h r c n e   c x i d e   c h r o m e   o x i d e "  

2 A-286 S t a i n l e s s   F l a m e - p l a t e d  A-286 S t a i n l e s s   F l a m e - p l a t e d  

A1203 
c o b a l t   b o n d e d  

t u n g s t e n   c a r b i d e "  

3 .  Haynes 25 F lame-p la t  ed  Haynes 25 none 
A I 2 O 3  -1- ,' Cobal t -worked  

t o  40 Rc 
"" 

1400 F O o e r a t i o n  

B e a r i n g   M a t e r i a l   J o u r n a l   M a t e r i a l  

S u b s t r a t e   C o a t   i n &   S u b s t r a t e   C o a t i n g  

1 .  TZM Molybdenum  Flame- p l a t e d  TZM Molybdenum N i - C r  bonded 
"- 

A1203 

A1203 

chrome  carbide;':  

2. TD Nicke l   F lame-pla ted   Haynes  25 S t e l l i t e  12" 

S o l ' n   t r e a t e d  

3 .  Rene-41 No2e$:>': R e n e   4 1   F u s e d   e u t e c t i c  f i l m  

40% CaF /60% BaF 2 2 - -~ " 

+ < I n   t h e   t h r u s t   b e a r i n g   t e s t s ,   t h i s   c o a t l n g  was sp rayed   t h ro ,qgh  a mask t o   f o r m  

t h e   g r o o v e s .  

7':;': I n  t h e   t h r u s t   b e a r i n g   t e s t s ,  i t  was n e c e s s a r y   t o   f o r m  a g r o o v e   p a t t e r n   o n   t h e  

Rene 41 b y   s p r a y i n g  on a n i c k e l - c h r o m e   a l l o y   o n   t h e   s u r f a c e   t h r o u g h  a mask. 
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A .  S u b s t r a t e  Materials 

I n   p r e v i o u s   s t u d i e s   ( A - 1 ,   A - 2 )   w h i c h  were d o n e   f o r   P r a t t   a n d   W h i t n e y   A i r c r a f t  

under  NAS-3-4179,  type 416 s t a i n l e s s  was u s e d   f o r   t h e   s u b s t r a t e  material .  A t  

t e m p e r a t u r e s  up t o  500 F ,  t h i s   a l l o y  was a r e a s o n a b l e   c h o i c e   b e c a u s e   o f   s t r e n g t h ,  

d i m e n s i o n a l   s t a b i l i t y   a n d  ease of m a c h i n i n g .   H o w e v e r ,   f o r   a p p l i c a t i o n s   i n   t h e  

900 F r a n g e ,  i t  i s  f a r   f r o m   o p t i m u m   a n d ,  a t  1400 F ,  i t  i s  c o m p l e t e l y   u n s u i t a b l e .  

T h e r e f o r e ,  a s u r v e y  was made t o   d e t e r m i n e   w h i c h   o t h e r   a l l o y s   s h o u l d   b e   c o n s i d e r e d  

f o r   h i g h   t e m p e r a t u r e   o p e r a t i o n .   T h e   o b v i o u s   r e q u i r e m e n t s   f o r   t h e s e  materials 

were : 

Good h i g h   t e m p e r a t u r e   s t r e n g t h  

H i g h   s t r e s s - r u p t u r e   l i f e  

D i m e n s i o n a l   s t a b i l i t y  

P o t e n t i a l   f o r   a c h i e v i n g  50,000 h o u r   d e s i g n   l i f e  

Of t h e s e   r e q u i r e m e n t s ,   d i m e n s i o n a l   s t a b i l i t y  i s  c e r t a i n l y   t h e   a r e a   o f   g r e a t e s t  

unknowns.   References A - 3  and A-4 p r e s e n t  a r e v i e w   o f   t h e   c u r r e n t   s t a t e   o f   t h e  

a r t .  A s  n o t e d   i n   R e f e r e n c e  A - 3  .1 t h e r e  a re  two pr imary  mechanisms  which  can  cause 

d i m e n s i o n a l   i n s t a b i l i t y .   T h e s e  a r e :  m e t a l l u r g i c a l   c h a n g e s   a n d   r e l a x a t i o n   o f  

r e s i d u a l  s t resses .  The  former i s  n o r m a l l y   r e s o l v e d   b y   p r o p e r   h e a t   t r e a t m e n t   t o  

a c h i e v e  a m a t e r i a l   w h i c h  i s  i n  a s t a b l e   c o n d i t i o n   a t   t h e   o p e r a t i n g   t e m p e r a t u r e  

o f  t h e   c o m p o n e n t ;   t h e   l a t t e r , b y   a d e q u a t e  stress r e l i e f   a f t e r   m a c h i n i n g .   I n   t h i s  

a p p l i c a t i o n ,   p a r t i c u l a r l y  a t  1400 F ,  we a r e   i n   a n   a r e a   w h e r e  many o f   t h e   h i g h  

s t r e n g t h   a l l o y s  will a g e - h a r d e n .   O v e r - a g i n g   a n d   g r a i n   b o u n d a r y   m i g r a t i o n   i n   t h i s  

t e m p e r a t u r e   r a n g e   c o u l d   r e s u l t   i n   s u b t l e   d i m e n s i o n a l   c h a n g e s   o c c u r r i n g   o v e r  a 

l e n g t h   o f  time. There  i s  v e r y  l i t t l e  i n f o r m a t i o n   a v a i l a b l e   t o  show w h e t h e r   t h i s  

i s  t r u e   o r   n o t .  

A t  900 F ,  t h e   p r o b l e m s   a r e  much less c r i t i c a l   s i n c e   c h a n g e s   i n   m e t a l l u r g i c a l  

s t r u c t u r e ,   i f   a n y ,   s h o u l d   b e   v e r y   s m a l l  a t  t h i s   t e m p e r a t u r e .  

A n u m b e r   o f   s u b s t r a t e  materials w e r e   s e l e c t e d   f o r   c o n s i d e r a t i o n  a s  b e a r i n g   a n d  

s h a f t  materials i n   b o t h   t h e  900 F and l L 0 0  F r ange .   These  mater ia ls   are  l i s t e d  

i n   T a b l e s  A - 1  t o  A-3 a t  t h e   e n d   o f   t h i s   s e c t i o n .  The c h o i c e s  were b a s e d   p r i m a r i l y  

o n   p a s t   e x p e r i e n c e   a n d  common k n o w l e d g e ,   a l t h o u g h   c e r t a i n   a l l o y s   s u c h   a . s  c o l d -  

worked  Haynes 25 a t  900 F were s e l e c t e d   t o   e v a l u a t e  a s p e c i f i c   p o i n t .  In t h a t  
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case,  i t  was t h e   s l i d i n g   b e h a v i o r   o f   t h e   u n c o a t e d   a l l o y   w h i c h  was t h e   p r i m a r y  

i n t e r e s t  

I n   t h e   f o l l o w i n g   p a r a g r a p h s ,   t h e   r e a s c n s   f o r   t h e   f i n a l   s e l e c t i o n s  are  d i s c u s s e d  

b r i e f l y .  

- 1. S u b s t r a t e  Materials f o r  900 F 

F o r  900 F ,  t h e   f o l l o w i n g  mater ia l  c a n d i d a t e s   f r o m   T a b l e  A - 1  were recommended f o r  

e v a l u a t i o n  t e s t s :  

A l S l  G340 

T h i s  i s  a low a l l o y  s t e e l  w i t h   e x c e l l e n t   s t r e n g t h   a n d   s t r e s s - r u p t u r e  

p r o p e r t i e s .  I t  has   been   u sed   by  YII f o r  a n u m b e r   o f   g a s   b e a r i n g   a p p l i -  

c a t i o n s .   T h e   a l l o y  i s  r e a d i l y   a v a i l a b l e   f r o m  a number   o f   sources   and  

the   background  on p r o p e r   t r e a t m e n t s   a n d   m a c h i n i n g   t e c h n i q u e s  i s  well 

e s t a b l i s h e d .  

Zn o r d e r   t o   a c h i e v e   b e t t e r   d i m e n s i o n a l   s t a b i l i t y ,   t h e   h e a t   t r e a t m e n t  

shown In T a b l e  A - 1  was m o d i f i e d  as f o l l o w s :  

Heat t r e a t  1500-1550 F O i l  Quench 

R e f r i g e r a t e  t o  -100 F f o r   o n e   h o u r  i m m e d i a t e l y  a f t e r   q u e n c h i n g  

Temper a t  1100 F f o r   t x o   h o u r s .   C o o l .  

R e p e a t   r e f r i g e r a t i o n   a n d   t e m p e r   c y c l e s  two more t i m e s ,  

A-286 S t a i n l e s s  

T h i s  i s  a h i g h   t e m p e r a t u r e   a u s t e n i t i c   s t a i n l e s s   f o r   u s e   w h e r e   h i g h  

c o r r o s i o n   r e s i s t a n c e  i s  e s s e n t i a l .  I t  h a s   o u t s t a n d i n g   s t r e n g t h ,  i s  

r e a d i l y   a v a i l a b l e   a n d   s h o u l d   b e   d i m e n s i o n a l l y   s t a b l e   i n   t h i s   t e m p e r a -  

t u r e   r a n g e   w i t h   t h e   h e a t   t r e a t m e n t   c a l l e d   o u t   i n   T a b l e  A - 1  

Haynes 25 

T h i s  i s  a w r o u g h t ,   c o b a l t - b a s e   a l l o y   w i t h   c ~ t s t a n d i n g   s t r e n g t h   o v e r  a 

v e r y   w i d e   t e m p e r a t u r e   r a n g e .  One r e a s o n   f o r   c o n s i d e r i n g   t h i s   a l l o y   f o r  

t h i s   a p p l i c a t i o n  i s  b e c a u j e  i t  h a s   b e e n   r e p o r t e d   b y   L i n d e   t h a t   H a y n e s  25 

h a s   g o o d   s l i d i n g   c h a r a c t e r i s t i c s  when m a t e d   a g a i n s t   f l a m e - p l a t e d   c o a t i n g s  
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T h i s   o f f e r s   t h e   p o s s i b i l i t y   t h a t   t h e   H a y n e s  25   cou ld   be   u sed  as t h e  

s h a f t  material  w i t h o u t   a n y   c o a t i n g .   O n l y   t h e   b e a r i n g s   w o u l d   r e q u i r e  

c o a t i n g s ,   t h u s   m i n i m i z i n g   t h e   p r o b l e m , . o f   q u a l i t y   a s s u r a n c e .  

T h e r e  i s  o n e   q u a l i f i c a t i o n   w h i c h   s h o u l d   b e  made w i t h   r e g a r d   t o   t h e   u s e  

o f ' u n c o a t e d   H a y n e s  25 as a m a t i n g   s u r f a c e .   T h a t  i s ,  f o r   b e s t   s l i d i n g  

c o m p a t i b i l i t y ,   t h e   H a y n e s  25 shou ld   be   work -ha rdened   t o   abou t  40-45 R c .  

T h i s   d o e s   n o t   p r e s e n t   a n y   o b v i o u s   p r o b l e m s   f o r  900 F o p e r a t i o n .   H o w e v e r , a t  

abou t   1250  F ,  t h e   c o l d - w o r k e d   H a y n e s   2 5   r e c r y s t a l l i z e s   a n d   t h i s   w o u l d  

p r o b a b l y   r e s u l t   i n   s i g n i f i c a n t   d i m e n s i o n a l   c h a n g e s .   T h i s  i s  t h e   r e a s o n  

why uncoated   Haynes  25 was n o t   b e i n g   c o n s i d e r e d   f o r  1400 F t es t s .  I f  

i t  c a n n o t   b e   u s e d   i n   t h e   c o l d - w o r k e d   c o n d i t i o n  a t  1400 F ,  t h e n  a c o a t -  

i n g   w o u l d   c e r t a i n l y   b e   n e c e s s a r y   t o   p r e v e n t   s u r f a c e   d a m a g e .  

2 .   S u b s t r a t e   M a t e r i a l s   f o r   l L 0 0  F 

A s  n o t e d   p r e v i o u s l y ,   d i m e n s i o n a l   s t a b i l i t y   c o u l d   b e  a m a j o r   p r o b l e m   i n   t h i s   t e m p -  

e r a t u r e   r a n g e .  

~" 

The s a f e s t   a p p r o a c h   t o   t h i s   p r o b l e m   o f   d i m e n s i o n a l   s t a b i l i t y   w o u l d   b e   t o   u s e  

metals w i t h  as low a n   a l l o y   c o n t e n t   a s   p o s s i b l e .  A p l a i n ,   v e r y  l o w   c a r b o n   s t e e l ,  

c o m p l e t e l y   a n n e a l e d ,   w o u l d   b e   a n   i d e a l l y   s t a b l e   m a t e r i a l .  A l ack   o f   h igh   t emp-  

e r a t u r e   s t r e n g t h   r u l e s   o u t   t h i s   a p p r o a c h   f o r   m o s t  metals .  H o w e v e r ,   t h e r e   a r e  

two p a r t i c u l a r   c a n d i d a t e s   w h i c h   c o u l d   b e   c o n s i d e r e d   f o r   u s e   a t  1400 F b e c a u s e  

t h e y   f i t   i n   t h i s   c a t e g o r y  o f  low a l l o y   c o n t e n t  and y e t   h a v e  good s t r e n g t h   c h a r -  

a c t e r i s t i c s .   T h e s e   c a n d i d a t e s   a r e :  TD n i c k e l   a n d  TZM molybdenum. 1.n a d d i t i o n ,  

o n e   c o n v e n t i o n a l   h i g h   t e m p e r a t u r e   s u p e r a l l o y ,   R e n e  4 1 ,  was s e l e c t e d   a s   b e i n g  

t y p i c a l . o f   t h e   a g e - h a r d e n a b l e   a l l o y s .  The r e a s o n s   f o r   t h e s e   s e l e c t i o n s   a r e  as 

€01 lows : 

( a )  TD Nickel  from  DuPont 

T h i s   m a t e r i a l  i s  98% n i c k e l   w i t h  2% t h o r i u m   o x i d e   u n i f o r m l y   d i s p e r s e d  

as s u b - m i c r o n   p a r t i c l e s   t h r o u g h o u t   t h e   s t r u c t u r e .  The t h o r i a   a c t s  a s  

a s t r e n g t h e n i n g   a g e n t   a t   h i g h   t e m p e r a t u r e .   S i n c e   t h e   t h o r i a   d o e s  not  

d i s s o l v e   i n ,   o r   r e a c t   w i t h ,   t h e   n i c k e l ,   e v e n  a t  t h e   m e l t i n g   p o i n t   o f  

n i c k e l ,   t h e r e  a re  no m e t a l l u r g i c a l   c h a n g e s   w h i c h   w o u l d   b e   o f   c o n c e r n . .  
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The only heat treatment required is a  stress relief. The material has 

only moderate strength at low temperatures, but maintains this strength 

over a very wide temperature range. At 1800 F, it is comparable to the 
best of  the nickel or cobalt based superalloys. In addition, the TD 
nickel has very high thermal conductivity, close to pure nickel. 

Discussions with metallurgists who are familiar with this material  in- 

dicated that  the TD nickel was an excellent choice for the bearings 
and  the support structure, but questionable for high speed rotating 

components ( A - 5 ' ) .  The strength of the material was not considered to 

be consistent enough for high reliability,, Nevertheless, since TD 

nickel does have a major advantage from a standpoint of dimensional 

stability, and since the dispersion-screngthened alloys will be in- 

creasingly important in high temperature materials technology, it  is 

still considered to  be a good  c.andidate for evaluation. It was  rec- 
ommended that  the 'ID nickel be  used for the bearing material and  that 

the shaft material be solution-treated Haynes 25. The Haynes 25 has 

a coefficient of thermal expansion which is  very close to  the TD nickel.. 

By using the Haynes 25 in  the solution-treated condition, the problem 

of metallurgical transformation should  be minimlzed, This will also 

provide an opportunity to  get actual measurements on dimensional changes 

if these  do occur. Any data which can be obtained on the use of Haynes 

25 at 1bOO F would be  very useful since this alloy has outstanding 

high temperature strength. 

(b) Molybdenum ~~ 

This is a molybdenum base alloy .vhich is 9 9 . 4 %  Mo with 0.5% Ti  and 

.08Yo Zr. It has outstanding strength, particularly at high temperatures. 
Because of the low alloying element content, the material should have 

good dimensicnal stability. The  only heat treatment required is a 

stress relief. 

On the negative side, it should be noted that TZM is expensive, dif- 

ficult to machine, and  ha;  poor ductility, particularly at low tempera- 

tures. It oxidizes at a catastrcphic rate above 1300 F i n  air. In 
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s p i t e   o f   t h e s e   d i s a d v a n t a g e s  TZM h a s   b e e n   u s e d   s u c e s s f u l l y   i n   h i g h  

t e m p e r a t u r e   g a s   b e a r i n g s   a n d  i t  r e p r e s e n t s   o n e   o f   c h e   b e s t   h i g h  temi 

p e r a t u r e . . m a t e t i a l s . .  as, far as . . . s t r epg thL   a r id?   S t ab i l i t y  are conce rned  

F o r   t h e s e  t es t s ,  i t  'was p r o p o s e d   t h a t   t h e  TZM be   used  as t h e   s u b s t r a t e  

material  f o r   b o t h   t h e   s h a f t   a n d   t h e   b e a r i n g s .  

(c) Rene 41 

T h i s   a l l o y   h a s  g o o d   h i g h   t e m p e r a t u r e   s t r e n g t h ,   a n d  is  t y p i c a l   o f   t h e  

a g e - , h a r d e n a b l e   n i c k e l - b a s e   a l l o y s   s d c h   a s   W a s p a l l o y ,   U d i m e t  700, e t c .  

One o f   t h e   g o a l s   o f   t h e s e   t e s t s  was t o   d e t e r m i n e ,  a t  l eas t  f o r   s h o r t  

p e r i o d s   o f  t ime, how 'we11 t h i s  c lass  o f   a l l o y s   c a n   b e   e x p e c t e d   t o   h o l d  

d i m e n s i o n s .  T t  was proposed   Lhat   the   Rene  41 be   u sed  as t h e   s u b s t r a t e  

mater ia l  f o r   b o t h   t h e   s h a f t  and t h e   b e a r i n g s .  

F o i l  Materials 

A t  t h i s  t ime,  t h r e e   m a t e r i a l s  are c o n s i d e r e d   p r o m i s i n g   f o r   u s e  as con-  

f o r m a b l e   b e a r i n g s  mater ia l s"  These a r e .  

Molybdenum 

Tan ta lum 

T u n g s t e n  

F o i l  i s  a v a i l a b l e   i n  a v a r i e t y   o f   t h i c k n e s s e s   r a n g i n g   f r o m  ..0005" up 

t o  a t  l e a s t   . 0 1 0 " ,  A s  shown i n   T a b l e  3 ,  t h e s e   m e t a l s   h a v e  good  high 

t e m p e r a t u r e   s t r e n g t h .  !n a d d i t i o n ,   b o t h  molybdenum  and  tungsten 

s h o u l d   p r o v i d e   g o o d   s u b s t r a t e   m a t e r i a l s   f o r   s o l i d   l u b r i c a n t   c o a t i n g s .  

T h e s e   f o i l s   c o u l d   b e   u s e d   a t   b o t h  900 F and 1400 F a3 l ong  a s   a i r  was 

e x c l u d e d  

An a t t e m p t  'was made t o   l o c a t e   s o u r c e s   f o r   f o i l s  made of a l l o y s   o f   t h e s e  

metals,  s u c h   a s  TZM m o l y b d e n u m ,   s i n c e   t h e   a l l o y   w o u l d   h a v e   S e t t e r  

s t r e n g t h  a t  t e m p e r a t u r e .  C l i n a x  Molybdendm c o u l d   s u p p l y  TZM r o l l e d   t o  

.008" t h i c k   f o i l ,   b u t   t h i s  seems t o   b e   t o o   s t i f f   f o r   c o n f o r m a b l e   b e a r -  

i n g   a p p l i c a t i o n s .   T h e y  here h e , l t a n c   a b o u t   f u r t h e r   m e c h a n i c a l   r e d u c t i o n  

i n   t h i c k n e s s   b e c a u s e   o f  a l o s s  i n   s t r e n g t h . .   H o w e v e r ,   i t  i s  p o s s i b l e   t o  

c h e m - m i l l   t h e   f o i l   t o   a b o u t  005". 
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B .  C o a t i n g s  

Background 

F l a m e   o r   p l a s m a - s p r a y e d   c o a t i n g s   h a v e   b e e n   u s e d   s u c c e s s f u l l y  i n  a w i d e   v a r i e t y  

of a p p l i c a t i o n s ,   s u c h  as f o r   t h e r m a l   b a r r l e r   c o a t i n g s   o r   f o r   w e a r - r e s i s t a n t  o r  

f r i c t i o n - m o d i f y i n g   s u r f a c e s .   Q u o t i n g   f r o m   R e f .  A - 6 ,  "The combina t ion   of   two 

materials,  as a c o a t i n g   a n d   s u b s t r a t e   t h a t   r e s u l t s   i n  a mater ia ls  s y s t e m  pos -  

s e s s i n g   u s e f u l   ( a n d   f r e q u e n t l y   s u p e r i c ; r ' )   p r o p e r t i e s ,   h a s   a l m o s t   u n l i m i t e d  

p o t e n t i a l " . .   Y e t ,   t h e r e  i s  s u r p r ~ s i n g l y   l i t t l e   E f f o r t   b e i n g  made t o   d e t e r m i n e  

how o r  why t h e s e   c o a t i n g s   a d h e r e  t o  a s u b s t r a t e ,   o r   w h a t   g u i d e l i n e s  a re  a v a i l a b l e  

f o r   t h e s l e c t l o n   o f   c o a t i n g s   f o r   a b r a s i v e   r e s i s t a n c e .   R e f e r e n c e s  A - 6  and A - 7  

p r e s e n t   t h e   m o s t   u p   t o   d a t e   b a c k g r o u n d   i n f o r m a t i o n .  Good t e c h n i c a l   b u l l e t i n s  

are  a v a i l a b l e   f r o m   c o m m e r c i a l   s t u r c e s   ( R e f  A - 8 ' )  on t h e   p r o c e d u r e s   r e q u i r e d   f o r  

g r i n d i n g   a n d   f i n i s h i n g   t h e s e   c o a t i n g s .   T h i s  i s  j u s t  as i m p o r t a n t ,   i f   n o t   m o r e  

s o ,  t h a n   t h e   d e v e l o p m e n t   o f   g o o d   p r o c e d J r e s   f o r   a p p l y i n g   t h e   c o a t i n g s .   I m p r o p e r  

g r i n d i n g   c a n   w e a k e n   e v e n   t h e   m o s t   a d h e r e n r :   c o a t i n g . .   R e f e r e n c e  A - 9  p r e s e n t s  a 

summary of  t e s t  d a t a   g h i c h   o n e   s u p p l i e r   h a s   o b t a i n e d  on t h e   s l i d i n g   b e h a v i o r   o f  

a number   o f   coa t ing  mater ia l  c o m b i n a t i o n s .  

The re  i s  a g e n e r a l   a g r e e m e n t  among c o m p e t e n t   i n v e s t i g a t o r s   t h a t  t h e  bond  between 

t h e   s p r a y e d   c o a t i n g   a n d  t h e  s u b s t r a t e  i s  n o t   a l m p l y  a m e c h a n i c a l   b o n d ,   a l t h o J g h  

t h e   s t r e n g t h   o f   t h e  bond i s  i n c r e a s e d   s l g n i f i c a n t l y  by roc lghen ing   t he   su r f aces  

(Ref .  A - l O j .  Even t h l s  o p e r a t i o n   h a s  many s u b t l e   a s p e c t s .  For example ,  i t  h a s  

b e e n   f o u n d   t h a t   s u b s t r a t e   m a t e r i a l s .   g r i t - b l a s t e d   w i t h   f r e s h  A 1  0 p a r t i c l e s ,  

w i l l  g i v e  a much m o r e   a d h e r e n t   c o a t i n g   t h a n   m a t e r i a l s   w h l c h   w e r e   g r i t - b l a s t e d  

w i t h   u s e d  A 1  0 The f r e s h   p a r t i c l e s   h a v e   = h ? r p e r   e d g e s   a n d  a l a r g e r   p a r t l c l e  

s i z e .  A s  t h e   g r i t  i s  u s e d ,   t h e   a v e r a g e   p a r t i c l e   s i z e   d e c r e a s e s ,   b e c a u s e   o f  

f r a c t u r e ,  and   the   edges   become  rodnded.  T h i s  r e s u l t s  i n  a s i g n l f i c a n t  l o s s  i n  

c o a t i n g   a d h e r e n c e  (I 

2 3  

2 3 '  

Some f o r m   o f   s o l i d   s t a t e   d i f f u s i o n  bonding mechan~sm m u s t  a l , o   b e   i n v o l v e d ,  

o t h e r w i s e  i t  wouid  be d i f f i c u l t   t o  a c c o c l n t   f o r   t h e   c o h e s i v e  a s  w e l l  as  t h e   a d -  

h e s i v e   s t r e n g t h   c f   t h e   c o a t i n g s . .   H o d e v e r ,   s ~ n c e   t h e   c c m p o > ~ t l o n  of t h e   c o a t i n g  

mater ia l  c a n   v a r y   f r o m   s t r a i g h t   c e r a m i c   p o w d e r s  ( e  g. .  Cr 0 o r  A 1  0 th rough 

metal bonded   ce rme t s   ( e .g .   coba l t   bonded  iJC O K  N l - C r  bonded Cr C tC a l l  
2 .3 2 3 '  

3 2 '  
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m e t a l l i c  c o a t i n g s   ( e . g .  W o r  Mo'i, i t  i s  a p p a r e n t  t h a t  several mechanisms may b e  

i n v o l v e d ,   d e p e n d i n g   o n   t h e   a c t u a l   c o m p o s i t i o n   o f   t h e   c o a t i n g   a n d   o f   t h e   s u b s t r a t e  

mater ia l .  G r i a a f f e   a n d   S p i t z i g   ( R e f .  A-6 Page 169j f o u n d   t h a t   p l a s m a - s p r a y e d  

t u n g s t e n   p a r t i c l e s  on a p o l i s h e d  304 s t a i n l e s s   s u b s t r a t e   f o r m e d   a n   i n t e r f a c e   a l l o y ,  

a p p a r e n t l y   b y   r a p i d   s o l i d - s t a t e   i n t e r d i f f u s i o n .  A similar bonding  mechanism 

cou ld   occu r   when  a metal bonded cermet was s p r a y e d  on a s u i t a b l e  meta l l ic  sub-  

s t r a t e .  I n  t h a t   c a s e ,  some o f   t h e  metal b i n d e r   c o u l d   i n t e r a c t   w i t h   t h e   s u b s t r a t e  

t o   f o r m  a m o r e   a d h e r e n t   b o n d .   T h i s   a l s o   s u g g e s t s   t h a t  i t  migh t   be   wor thwhi l e  t o  

s i n t e r   t h e   c o a t i n g   a f t e r  i t  h a d   s p r a y e d ,   t h u s   i m p r o v i n g   t h e   i n t e r f a c e   b o n d .   T h i s  

p r o c e d u r e  i s  a c t u a l l y   u s e d   w i t h   " s e l f   - f l u x i n g ! '   a l l o y s   ( R e f .  A-7, Page S 5 j  , and 

i n  a t  l ea s t  o n e   c a s e  i t  i s  known t h a t   t h e   d e n s i t y   a n d   a d h e r e n c e   o f  a metal bonded 

c a r b i d e   c o a t i n g  was improved by s i n t e r i n g  (A-ll.), 

The  adherence  of  t h e   c o a t i n g s   a l s o   d e p e n d s   t o  a l a r g e   e x t e n d  on  t h e   t e c h n i q u e s  

u s e d   t o   s p r a y   t h e   m a t e r i a l s   T h i s   c a n   b e   c o v e r e d   t o  some e x t e n t   b y   s p e c i f i c a -  

t i o n s ,  a n d   w o u l d   c e r t a i n l y   b e   i m p r o v e d   i f  w e  had a b e t t e r   u n d e r s t a n d i n g   o f   t h e  

p r o c e s s e s   i n v o l v e d   H o w e v e r ,   i n   t h e  l a s t  a n a l y s i s ,   t h e   r e a l   k e y  t o  the   p rob lem 

would  be  the  development   of  a n o n - d e s t r u c t i v e   q u a l i f i c a t i o n   t e s t   f o r   c o a t i n g  

i n t e g r i t y   ' T h i s   c o u l d   b e   u s e d   t o   e v a l u a t e   t h e   e n d   p r o d u c t   a n d   w o u l d   e l i m i n a t e  

t h e   n e e d   f o r   d e t a i l e d   s p e c i f i c a t i o n s   o n   p r o c e s s i n g   t e c h n i q u e s .  

E d g e s   p r e s e n t  a r e a l   p r o b l e m  a s  f a r  as  c o a t i n g   a d h e r e n c e  i s  conce rned  T t  i s  

s t a n d a r d   p r a c t i c e  t o  breal:  a l l  s h a r p   e d g e s   w i t h  a 015 i n c h  r a d i u s  t o   m i n i m i z e  

c h i p p i n g   o r   s p a l l i n g   E x p e r i e n c e   h a s  shown t h a t   t h e   u s e  of a n   u n d e r c o a t   s u c h   a s  

molybdenum o r   n i c k e l - c h r o m e  w i l l  g i v e   b e t t e r   e d g e   f i n i s h e s . .  When a g r o o v e   p a t -  

t e r n  i s  sp rayed  on  t o p  G f  a f l a t   s u r f a c e ,   t h e   e d g e s   o f   t h e   g r o o v e s   a r e   t a p e r e d  

r a t h e r   t h a n   s h a r p   a n d   s q u a r e   T h i s  i s  t h e  r e s u l t  o f   g e o m e t r i c a l   f a c t o r s   i n  

m a k i n g   t h e  mas!cs and i n   s p r a y i n g   t h e   g r o o v e s .   B o t h   p r o c e s s e s   l e a d   t o   t h e   f o r m a t i o n  

o f  a t ape red   edge   wh ich  i s  less  s u s c e p t i b l e   t o  damage A pho tograph   o f  a t y p i c a l  

g roove   edge  i s  s h o m   i n   F i g  A - 1 .  

T h e r e  i s  no  i n f o r m a t i o n   a v a i l a b l e   i n   t h e   i i t e r a t u r e   o r   i n   t r a d e   s o u r c e s  as  t o  

t h e   e f f e c t   o f   t i m e  a t  t e m p e r a t u r e   o n   t h e   b o n d   s t r e n g t h   o f   t h e   c o a t i n g s .   F i n a l l y ,  

a l t h o u g h  a n u m b e r   o f   t e c h n i q u e s   h a v e   b e e n   s u g g e s t e d   f o r   t h e   n o n - d e s t r u c t i v e   e v a l -  

u a t i o n  of  t h e   i n t e g r i t y   o f   t h e   c o a t i n g s ,   n o n e   o f   t h e s e   h a v e   b e e n   d e v e l o p e d   t o   t h e  
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p o i n t   w h e r e   t h e y   c a n   b e   u s e d  as a s t a n d a r d   e v a l u a t i o n   t e c h n i q u e . ,  

S e l e c t i o n  of C o a t i n g s  

T h e r e  are a number  of c r i t e r i a  w h i c h   h a v e   b e e n   s u g g e s t e d   t o   s e l e c t   c o a t i n g s   f o r  

s l i d i n g   a p p l i c a t i o n s -   T h e s e   i n c l u d e ;  

High   Hardness  

Low c o e f f i c i e l l t   o f   f r i c t i o n   ( s o l l d   l u b r i c a n t   f i l m s )  

N o n - m e t a l l i c   s u r f a c e s  

I n   p r e v i o u s  NASA s t u d i e s  ( A - 1 ,  A - 2 '  t h e   f o l l o w i n g   c o a t i n g s   o r  mater ia l  combina-  

t i o n s  were e v a l u a t e d   i n  b G t h   l o w   s p e e d   s t a r t - s t o p  t e s t s  a n d   d u r i n g   h i g h   s p e e d  

r u b s  

1 

2 

3 .  

4 .  

5. 

Combinat ion  

Chrome o x i d e   c o a t i n g   o n  pad b e a r i n g   v s .  

Chrome o x i d e   c o a t i n g   o n   j o u r n a l  

Ni-bonded WC c o a t i n g   o n   p a d  vs  

A 1  0 c o a t i n g  on j o u r n a l  

Through-hardened  "50 t o o l   s t e e l  pad 

v s .  Co-bonded WC c o a t i n g   o n   j o u r n a l  

Resin  bonded MoS, l u b r i c a n t   f i l m   o n  pad 

v s .  ha rdened  b16 s t a i n l e s s   j o u r n a l  

DU" s u r f a c e   o n  pad v s  molybdenum  coated 

j o u r n a l  

2 3  

L 

C a t e p o r y  

H a r d ,   n o n - m e t a l l i c   s u r f a c e s  

H a r d  s u r f a c e s  Have been  

u s e d   i n   g a s   b e a r i n g   g y r o s  

H a r d   s u r f a c e s  

S o l   i d   l u b r i c a n t   f i l m  

S e l f - l u b r i c a t i n g  low f r i c t i o n  

m a t e r i a l .  

I 

?: S p h e r i c a l   b r o n z e   p a r t i c l e s   s i n t e r e d   t o   s t e c l   b a c k i n g  and   impregnated   wi th  

T e f l o n   a n d   l e a d  
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Of t h e s e   c o m b i n a t i o n s ,   t h e   s e l f - m a t e d   c h r o m e   o x i d e  was p a r t i c u l a r l y   p r o m i s i n g  

u n d e r   b o t h   s t a r t - s t o p   a n d   h i g h   s p e e d   r u b   c o n d i t i o n s .   T h e   n i c k e l   b o n d e d   c a r b i d e  

m a t e d   a g a i n s t   t h e  A 1  0 c o a t e d   s h a f t  was a n   e x c e l l e n t   c o m b i n a t i o n   f o r   s t a r t - s t o F  

l o w  s p e e d   s l i d i n g   c o n t a c t s ,   b u t   d e t e r i o r a t e d   r a p i d l y   d u r i n g   h i g h   s p e e d   r u b s   b e -  

c a u s e   o f  metal t r a n s f e r   a n d   s u b s e q u e n t   a b r a s i o n .  The   th rough-hardened  " 5 0  t o o l  

s teel  b e a r i n g   a g a i n s t   t h e   c a r b i d e - c o a t e d   j o u r n a l  showed v e r y   l i m i t e d  damage re-  

s i s t a n c e  a t  l o w   s p e e d s ,   a n d   g a v e   v e r y   p o o r   r e s u l t s  a t  h i g h   s p e e d s .  

2 3  

. .  

O f  t h e  l o w  f r i c t i o n   c o a t i n g s ,   t h e   r e s i n - b o n d e d  MoS s o l i d   l u b r i c a n t   f i l m   g a v e  

e n c o u r a g i n g   r e s u l t s ,   b u t   t h e  wear l i f e   o f   t h e   f i l m  was t h e   l i m i t i n g  i t e m ,  

e s p e c i a l l y  a t  h i g h   s p e e d s .   T h e  DU mater ia l ,  w h i c h   s h o u l d   a l s o   b e   c o n s i d e r e d   a s  

a s o l i d   l u b r i c a n t   f i l m ,  w a s  v e r y   e f f e c t i v e   d u r i n g   h i g h   s p e e d   r u b s ,   b u t  showed 

l i m i t e d  l o a d   c a r r y i n g   c a p a b i l i t y  as f a r   a s   hydrodynamic   pe r fo rmance   was   conce rned  

It was h y p o t h e s i z e d   t h a t   t h i s  material  w a s   p o r o u s   e n o u g h   t o   p e r m i t   g a s   l e a k a g e  

o u t   o f   t h e   h i g h   p r e s s u r e   r e g i o n .  

2 

From t h e s e   r e s u l t s ,  i t  i s  a p p a r e n t   t h a t   h a r d n e s s  i s  too   vague  a term t o   b e   u s e d  

as a n   e f f e c t i v e   c r i t e r i o n   f o r  mater ia l  s e l e c t i o n .  It i s  t r u e   t h a t   h a r d   s u r f a c e s  

a r e   g e n e r a l l y   m o r e   d a m a g e   r e s i s t a n t ,   b u t  many h a r d   c o m b i n a t i o n s   c a n   g i v e   v e r y  

p o o r   r e s u l t s .  

The  low f r i c t i o n   c o a t i n g s   ( s o l i d   l u b r i c a n t   f i l m s )   h a v e  shown c o n s i d e r a b l e   p r o m i s e ,  

a l t h o u g h   t h e   w e a r   l i f e   o f   t h e   f i l m s  i s  t h e   g o v e r n i n g   f a c t o r .   P o s s i b l y ,   t h e  com- 

b i n a t i o n   o f  a v e r y   t h i n   s o l i d   l u b r i c a n t   f i l m  on t o p   o f  a g o o d ,   w e a r - r e s i s t a n t  

c o a t i n g   w o u l d   b e   t h e   i d e a l   s o l u t i o n   t o   t h e   s l i d i n g   p r o b l e m .  

A s  f a r  as n o n - m e t a l l i c   s u r f a c e s  are c o n c e r n e d ,   t h e   r e s u l t s   d e s c r i b e d   a b o v e   h a d  

i n d i c a t e d   t h a t  when metals o r   m e t a l   b i n d e r s  were p r e s e n t   i n   t h e   s u r f a c e ,   t r a n s -  

f e r  and   s co r ing   wou ld   be   obse rved .   Th i s  was n o t   t o o   s u r p r i s i n g   s i n c e   t h e   s l i d i n g  

v e l o c i t y   d u r i n g  a h i g h   s p e e d   r u b  was a b o u t  400 f e e t   p e r   s e c o n d   u n d e r   s h o c k   l o a d s  

as h i g h  as 100 g ' s .  Even i n  a small f r a c t i o n   o f  a s e c o n d ,   f r i c t i o n a l   h e a t   g e n -  

e r a t i o n   w o u l d   b e   e x t r e m e l y   h i g h .   T h e r e f o r e ,  i t  c o u l d   b e   a r g u e d   t h a t   s e l f - b o n d e d  

ceramic c o a t i n g   s h o u l d   h a v e   b e t t e r   s l i d i n g   b e h a v i o r   s i n c e   t h e r e   w o u l d   b e  much 

less t e n d e n c y   f o r   w e l d i n g   a n d  material t r a n s f e r .  The r e s u l t s   o b t a i n e d   w i t h   t h e  

s e l f - b o n d ' e d   c h r o m e   o x i d e   s e e m e d   t o   b e a r   o u t   t h i s   c o n c l u s i o n .  
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H o w e v e r ,   f u r t h e r   s t u d y  of  t h e s e   t e s t   r e s u l t s   a i s o  showed tha t   mos t   o f   t he   damage  

a l w a y s   t o o k   p l a c e  on t h e   b e a r i n g   p a d s ,   r a t h e r   t h a n  on t h e   j o u r n a l   s u r f a c e s .  

T h i s  was t r u e ,   e v e n   w i t h   t h e   s e l f - m a t e d   c h r o m e   o x i d e .   S i n c e   o n l y   o n e  area of t h e  

p a d   b e a r i n g  was i n   c o n t a c t   d u r i n g  a h i g h   s p e e d   r u b ,   w h i l e   t h e   c o n t a c t  area on t h e  

s h a f t  was c o n t i n u a l l y   c h a n g i n g ,  i t  s e e m e d   r e a s o n a b l e   t o   e x p e c t  rnore  damage t o   t h e  

p a d   b e a r i n g .   T h i s   b r i n g s   u p   t h e   q u e s t i o n   o f   t h e   e f f e c t   o f   t h e   i m p o r t a n c e  of t h e  

r e l a t i v e   p o s i t i o n s   o f   t h e   c o a t i n g s  c n  t h e s e  t e s t  r e s a l t s .  Fc r   example ,   t hese   two  

c o m b i n a t i o n s   h a d   b e e n   e v a l u a t e d  i n  t h e   p r e v i o u s   t e s t s :  

- Fad Mate r i2 . l  J o u r n a l  Material  -. 

N i c k e l - b o n d e d   t u n g s t e n   c a r b i d e   c o a t i n g  A . l  0 c o a t i n g  

Thro igh -hs rdened  M-.50 t o o l   s t e e l  C o b a l t . b o n d e d   t u n g s t e n  
2 3  

c a r b i d e   c o a t i n g  

I n   b o t h   c a s e s ,   t h e   c o a t l n g   o n   t h e  pad  had a more p r e d o m l n a n t l y   m e t a l l i c   c h a r a c t e r .  

FaL lu re  was t h e  r e s g l t  o f  metal b e i n g   t r a n s f e r r e d   f r o m   t h e  p a d  t o   t h e   s h a f t ,  and 

s u b s e q u e n t   s c o r i n g   o f   t h e   p a d .  

'To d e t e r m i n e   t h e   e f f e c t   o f   r e v e r s i n g   t h e   p o s i t i o n   o f   t h e   c o a t i n g s   o n   t h e s e   r e s u l t s ,  

some t e s t s   h a v e   b e e n   r u n  by MTI under  a c u r r e n t  A L r  F o r c e   C o n t r x t   ( 4 - 1 3 ; .   S t o p -  

s t a r t  t e s t s  h e r e  made i n  a i r  a t  1600  F,   clsrng  [he following comblna t lor i s .  

Paa Material .Jc , rnal  Materlal  

1. Nicke l -chrome  bonded   chrome  carb lde  A.1 0 c o a t l n g  2 3  
2. A 1  0 c o a t i n g  2 3  N;ckel-chrome  bonded 

c h r o n e   c a r b l d e   c o a t i n g  

The f i r s t   c o m b l n a t i o n  showed  poor r e s u l t s .  H e a v y   m a t e r i a l   t r a n s f e r   t o o k   p l a c e  

f r o m   t h e  pad t o   t h e   j o u r n a l .   H o w e v e r ,  when the   combina t ; cn  was r e v e r s e d ,   e x -  

c e l l e n t   r e s u l t s  were o b t a i n e d .  The s u r f a c e s   w e r e   h i g h l y   p o l i s h e d . ,  and no damage 

o r   t r a n s f e r  was o b s e r v e d .   A l t h o u g h   t h e s e  r e sg l t s  were n o t   h l g h   s p e e d   t e s t s ,  

t h e y   c e r t a i n l y  show t h a t   t h e   r e l a t i v e   p o s i t i o n s   o f   t h e   c o a . t i n g s   c a n  be   Impor t an t .  

T h i s   h a s   b e e n   f a c t o r e d   I n t o   t h e   f i n a l   s e l e c t i o n   o f  material c o n b i n a t ' c n s   f o r  

t h e   e v a l d a t   i o n  t e s t s  I 
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I n   t h e   f o l l o w i n g   p a r a g r a p h s ,   t h e   r e a s o n s   f o r   t h e   s p e c i f i c   c h o i c e s   o f   c o a t i n g s  

are d e s c r t b e d   b r i e f l y .  

C o a t i n g   M a t e , r i a c C o m b i n a t i o n s   f o r  900 F 

( a )  Chrome ox ide   on  4340 s t e e l  pad  vs Chrome o x i d e   o n  4340 s t e e l  j o u r n a l  

B e c a u s e   t h e   c h r o m e   o x i d e   c o a t i n g  was t h e   b e s t  mater ia l  f o u n d   i n   t h e  500 F t e s t s ,  

i t  m u s t   a l s o   b e   c o n s i d e r e d  as t h e   l e a d i n g   c a n d i d a t e   f o r  900 F o p e r a t i o n .   H o w e v e r ,  

i t  s h o u l d   b e   n o t e d   t h a t   t h e  limit o f   u s e f u l n e s s   o f   t h i s   c o a t i n g  i s  a b o u t  1000 F. 

Above t h i s   t e m p e r a t u r e ,   t h e   c h r o m e   o x i d e   d e t e r i o r a t e s   i n   b o n d   s t r e n g t h .   T h e  

4340 s t ee l  was s e l e c t e d  as t h e   s u b s t r a t e  material  b e c a u s e  i t  h a s   b e e n   u s e d   b e f o r e  

w i t h   c h r o m e   o x i d e   a n d   h a s   g i v e n   s a t i s f a c t o r y   r e s u l t s .  

(b) F l a m e - p l a t e d  A . l  0 on  A-286 s t a i n l e s s  pad v s   f l a m e - p l a t e d   c o b a l t   b o n d e d  WC 2 3  
on  A-286 s t a i n l e s s   j o u r n a l .  

T h i s   c o a t i n g   c o m b i n a t i o n   g a v e   v e r y   p r o m i s i n g   r e s u l t s  i n  p rev ious   work ,  as  f a r   a s  

t h e   s t a r t - s t o p   r e s u l t s  were concerned .   However ,   p roblems  were   encountered   because  

o f   m e t a l   t r a n s f e r   d u r i n g   h i g h   s p e e d   r u b s .   T h l s  time, t h e   r e l a t l v e   p o s i t i o n s   o f   t h e  

c o a t i n g s   h a s   b e e n   r e v e r s e d  so t h a t   t h e   m e t a l - b o n d e d   c a r b i d e  i s  o n   t h e   j o u r n a l   a n d   i n  
n o n - m e t a l l i c  A1203  c o a t i n g  i s  o n   t h e   b e a r i n g .   I f   t h e   r e s u l t s   o f   t h e  A i r  F o r c e  t e s t s  

a r e   c o r r e c t ,   t h e n   t h e s e   m a t e r i a l s   s h o u l d   b e  mdch more e f f e c t i v e  when u s e d   I n  

t h i s  manner 

( c i  F l a m e - p l a t e d  A 1  0 on  Haynes 25 pad v s  Uncoated,   cold-worked  Haynes 25 j o u r n a l  2 3  

The p u r p o s e   o f   t h i s  t e s t  i s  t o   d e t e r m i n e   i f   t h e   c o l d - w o r k e d   H a y n e s   2 5  i s  a good 

m a t i n g   m a t e r i a l   f o r   r u n n i n g   a g a i n s t  a c o a t i n g .   T h i s  would s i m p l i f y  many d e s i g n  

a n d   q u a l i t y   c o n t r o l   p r o b l e m s .   A g a i n ,   t h e   r e l a t i v e   p o s i t i o n   o f   t h e   c o a t i n g s  

h a s   b e e n  s e t  so  t h a t   t h e   m e t a l l i c   s u r f a c e  i s  on t h e   j o u r n a l  a n d   t h e   n o n - m e t a l l i c  

c o a t i n g  i s  on t h e   b e a r l n g .  

Coat inR Material C o n b i n a t i G n s   f o r  1400 F 

( a j   F l a m e - p l a t e d  A1203 on TZM pad vs   n i cke l - ch rome   bonded   ch rmne   ca rb lde   on  

TZM j o u r n a l  

P r e l i m i n a r y   r e s u l t s ,   w h i c h   h a v e   b e e n   o b t a i n e d   o n   t h e  A i r  Force   p rogram a t  1400 F 

i n   t h e  a i r ,  have  shown t h a t   t h i s  i s  a v e r y   p r o m i s i n g   c o m b i n a t i o n   o f   c o a t i n g s   f o r  
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r e s i s t a n c e   t o  311d:~g d a n e g s .  There i s  a q u a s t . i c ?   a s  tc. how w e l l   t h i s   c o x b i n a -  

t i o n  w i i l  rm ir  a:, 1 n ~ r :  atrr,os;hsrz  where no o x i d e  fi1r;s would b e  forxed ,  b;l t  

t h i s   c a n  on ly  b2 r e s c l v e d  b y  e x p E r l m e l t a l   e v a i u a t   i o x .  

( b ) F l a m e - p l a t e d  A 1  0 - n T D  n i c k e l  Fad vs SFrayed  S t e 1 l i t . e  6 c o a t i n g   s n  Haynes 25 
2 3" 

T h i s   c a a b i n a t l o n  was s e l e c t e d   a s   a r . o t k s r   a F p r o a c h   t o   t h e   i d e a  of  , J s i a g  a m e t a l l i c  

c s a t i n g  f z r  t h e  ~ s ~ r r ~ i  and a n o n - m e t a l l i c  coating for  t h 2   t e a r m g . .  If gagd 

s l i d i n g   E e h a s l s r   i s   c b t a i n e d   w i t h  t h i s  c o a t i n g   c o n b i n a t i u ? ,   i t  ope.;s ~p a ~ ~ r n b e r  

a f  p s s s i b i l i c i e r   f o r   s i m p l i f y i n g   t h e   q u a l i t y   c o n t r o l   p r o b 1 e r r . j   c n   t h e s e   c ; i a t i n g s  

s ; n c ~   t h e   S t e i i i t e   c z a t i T g a   c a n   b e   a p p l i d   b y  a v a r l s t y  of w e l l   e s t a b l i s h e d  

t e c h c i q l e s .  Aga;n.  the!  FerforT.aLlce of  t h e s e   x a t e r i a l s  1r1 a n   i n s r t   a t , n 2 s p h e r z  

rray n z t  L E  a; good a ,  i n  a i r  h t  t h e   f a c t   t h a t   S t e i l i t e  i s  e f f e c r i v 2  i n  L i q J i d  

m e t a i   k e a r i - g s  ( A -  Lh) -..akt; t h i s   aF : . f roach  i c c k  w o r t h w h i l e .  

( c )  F U S Z ~  Eutec t ; c  CaF  /EaF. s c l i d   1 d b r i c a r : t  f;in c i ~  Rene 41 pad vs sacle f i i n ,  ;.n 2 2 
Re3e 4 1  j o d r n a l .  
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TASLE A - 1  

MATERIALS UNDER CONSIDERATION AT 9OO0F 
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TABLEA-3 C a n d i d a t e   F o i l   M a t e r i a l s  

F o i l   M a t e r i a l s  Y i e l d   S t r e   g t h  T e n s i l e   S t e n g t h  Modulus of  E l a   t i c i t y  8 
p s i  x 10 p s i  x 10 3 p s i  x 10 9 

Tantalum 

Tungs t e n  

70  F 27 
1600 F 26 

70 F 59 
1600 F 55 

7 0  F 60 
1600 F 30 

70 F 220 
1600 F 66 

70 F 48 
1600 F 15 

70 F 220 
1600 F 1 5  

Molybdenum 70 F 47 70 F 95 70 F 82 I 1600 F 3 3  I 1600 F 50 1 1600 F 30 
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Fig .  A - 1  O v e r a l l  V i e w  of Groove  Pat tern  and  Close-up  Showing  Groove  Detai l .   Grooves 
Formed by Plasma-Spraying C r  0 Through a Metal  Mask. 

2 3  

I 
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APPENDIX B 

PREPARATION  OF TEST SPECIMENS AND DIMENSIONAL STABILITY  TEST  RESULTS 

S u b s t r a t e   M a t e r i a l s  

A l l  o f   t h e   s u b s t r a t e   a l l o y s   u s e d   i n   t h i s  work were purchased  with a C e r t i f i -  

ca t ion   o f   Ma te r i a l   Compos i t ion ,  The s u p p l i e r s   a r e   l i s t e d   i n   T a b l e  B - 1 .  

The   base   ma te r i a l s  were rough-machined t o   s h a p e ,   h e a t - t r e a t e d  by the   p roducers  

l i s t ed  i n   T a b l e  B - 1 ,  and t h e n   f i n i s h   g r o u n d   t o   s i z e .   C e r t i f i c a t i o n s   o f  t h e  

h e a t - t r e a t i n g   p r o c e d u r e s  were a l s o   o b t a i n e d .  

L. Coat ings  

W i t h   t h e   e x c e p t i o n   o f   t h e   e u t e c t i c   f l u o r i d e   f i l m   a n d   t h e   S t e l l i t e  6 ,  a l l  

c o a t i n g s  were done i n   a c c o r d a n c e   w i t h  MTI s p e c i f i c a t i o n  number 3 9 ,  a copy 

of  which i s  i n c l u d e d   i n   t h i s   s e c t i o n .  

The e u t e c t i c   f l u o r i d e   f i l m  was   appl ied   th rough  the   cour tesy   o f  Mr. Harold 

S l i n e y   o f   t h e  NASA Lewis  Research  Center.   This  was a e u t e c t i c   c o m p o s i t i o n  

of  nominal  composition 40% BaF 60% CaF2.   The  procedure  for   applying and 

f u s i n g   t h i s   c o a t i n g  i s  d e s c r i b e d   i n   R e f .  B-1 .  The S t e l l i t e  6 was a p p l i e d   a t  

the  Linde  Flame-Plating  Development  Laboratory  in  Speedway,  Indiana.  An a r c  

t o r c h  was used .  

2' 

The j o u r n a l s ,   t i l t i n g  pad b e a r i n g s   a n d   t h r u s t   c o l l a r s  were a l l  sprayed   wi th  

c o a t i n g s  0.007-0.010" t h i c k   ( e x c e p t   f o r   t h e   f l u o r i d e   e u t e c t i c   f i l m )  and were 

then  ground  and  lapped t o  a f i n i s h e d   t h i c k n e s s   o f  0.003". The grooved   th rus t  

b e a r i n g   p a t t e r n s  were a p p l i e d  by g r i t - b l a s t i n g   t h e   e n t i r e   b e a r i n g   s u r f a c e ,  

t h e n   s e c u r i n g  a hardened 302 s t a i n l e s s  steel  t e m p l a t e   o n   t h e   b e a r i n g   s u r f a c e  

and  spraying a c o a t i n g  0.004 t o  0.006" th i ck   t h rough   t he   t empla t e .   These  

templa tes   had   been   photoe tched   to   form a n e g a t i v e   o f   t h e   g r o o v e   p a t t e r n .  The 

areas which were open t o   t h e   s p r a y   t h u s   f o r m e d   t h e   l a n d s  and the  masked a r e a s  

formed the   g rooves .   F igu re  B - 1  shows a t y p i c a l   b e a r i n g   p a t t e r n ,   t h e   t e m p l a t e ,  
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and t h e   t e m p l a t e   h o l d e r .   A f t e r   s p r a y i n g ,   t h e   t e m p l a t e  was removed  and t h e  

s p r a y e d   c o a t i n g  was ground  and  lapped u n t i l   t h e   d e s i r e d   g r o o v e   d e p t h   h a d  

been  achieved.  

The f l u o r i d e   e u t e c t i c   f i l m  was a p p l i e d   t o   g i v e  a c o a t i n g   t h i c k n e s s o f 0 . 0 0 1 -  . 
0.0015".  The  fused  coating v7as f i n i s h e d  by   mach in ing   t he   su r f ace   w i th  a s i n g l e  

p o i n t   c a r b i d e   t o o l .  Some d i f f i c u l t y  was e n c o u n t e r e d   i n   g e t t i n g  a uniform 

t h i c l   n e s s   o n   t h e   s u r f a c e s .  It i s  ve ry   p robab le   t ha t   t he   Rene  41 par t s   warped  

s l i g h t l y   d u r i n g   t h e   f u s i n g   c y c l e .   T h i s  i s  a p rac t i ca l   manufac tu r ing   p rob lem 

which  must  be  overcome i f   t h i s   t y p e   o f   c o a t i n g  i s  t o   b e   u s e d .  

3 .  Eond S t r e n g t h   T e n s i l e   T e s t s  

A s  s t i p u l a t e d   i n  MTI s p e c i f i c a t i o n  29, t e n s i l e  tes t  spec imens   o f   the   var ious  

m a t e r i a l s  were c o a t e d   a t   t h e  same time t h a t   t h e   b e a r i n g   p a r t s  were be ing  

s p r a y e d .   T h e s e   t e n s i l e  tes t  p i e c e s  were u s e d   t o   m e a s u r e   t h e  bond s t r e n g t h  

of t h e   c o a t i n g s  as d e s c r i b e d   i n   t h e   s p e c i f i c a t i o n .  The r e s u l t s  are g i v e n   i n  

Tab le  B-2.  These   va lues  are t y p i c a l   o f   t h e  bond s t r e n g t h s   t h a t  KC1 has   been  

o b t a i n i n g  on v a r i o u s   c o a t e d   p a r t s .  

4 .  D i m e n s i o n a l   S t a b i l i t y   T e s t s  

Although a d e t a i l e d   s t u d y   o f   t h e   d i m e n s i o n a l   s t a b i l i t y  of s u b s t r a t e  materials 

vas beyond t h e   s c o p e   o f   t h i s   c o n t r a c t ,  some p r e l i m i n a r y  tests were made t o  

e s t a b l i s h  some idea   o f   t he   magn i tude  of t h e   s t a b i l i t y   p r o b l e m .  Dummy tes t  

s h a f t s  0.75" i n   d i a m e t e r   b y  3" long  were made o f   e a c h   o f   t h e   s u b s t r a t e   a l l o y s .  

T h e s e   s h a f t s  were h e a t - t r e a t e d  and f i n i s h   g r o u n d  a t  t h e  same time and by t h e  

same procedures  as was u s e d   f o r   t h e  tes t  spec imens .   The   d iameters   o f   the  

test  s h a f t s  were then   ca re fu l ly   measu red   w i th  a C leve land   In s t rumen t s  INDI- 

ACT g a g e   t o   w i t h i n  25 microinches.   These  measurements were made i n  a c l e a n ,  

a i r - c o n d i t i o n e d  test f a c i l i t y .  A l l  specimen  handl ing was d o n e   u s i n g   p l a s t i c  

g l o v e s .   T h e s e   s h a f t s  were h e a t e d   i n   a n  argon-blanketed,stainless s t ee l  p o t  

f o r  100 hour s  a t  900 F or   1400 F ,  depending   on   the  tes t  tempera ture  a t  vlhich 

t h e y  were t o   b e   e v a l u a t e d   i n   t h e   b e a r i n g  tes t .  They were then   fu rnace   coo led  

and  remeasured.   The  resul ts  are shown i n   T a b l e  B-3. 
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The  following  comments were made by P ro fes so r  N. Stolof f   o f  RPI who was a c t i n g  

as a c o n s u l t a n t  on t h i s   p r o j e c t -  

Rene-41 i s  a n i cke l -base   a l loy   wh ich   no rma l ly   con ta ins   abou t  0.08% c a r b o n ,   a s  

well a s   a b o u t  19% C r ,  11% Coy 9% Mo, 3% T i  and 1.5% A l .  There fo re  there  is  

o p p o r t u n i t y   f o r   b o t h   c a r b i d e   f o r m a t i o n   a s  w e l l  a s  ;Y' (Ni A l )  dur ing   exposure .  

The f a c t   t h a t   t h e   d i m e n s i o n a l   c h a n g e   o n   t h i s   a l l o y  was s o  s m a l l   i n d i c a t e s   e i t h e r  

t h a t   ( a )   c a r b i d e s  and y' p r o d u c e   o p p o s i t e   e f f e c t s  on t h e   l a t t i c e   p a r a m e t e r   o r  

( b )   t h a t  a t  1400 F n o   f u r t h e r   p r e c i p i t a t i o n   o c c u r s ,   d u e   t o   p r e t r e a t m e n t   a t   1 4 5 0  F 

f o r . 4   h o u r s .  From t h e   m i c r o s t r u c t u r e  i t  appea r s  t h a t  f u r t h e r   p r e c i p i t a t l o n  d i d  

occu r   and   exp lana t ion   ( a i  appears t h e   m o s t   l i k e l y .   I n c i d e n t a l l y ,   a t   n o r m a l   c a r b o n  

c o n t e n t s ,   b o t h   T i c  and M C should   be   p resent .  

3 

6 

The s t a b i l i t y   o f  TD n i c k e l  i s  t o   b e   < e x p e c t e d  on t h e   b a s i s  of t h e   s t a b i l i t y   o f  

t h e   o x i d e   d i s p e r s i o n .  

The r e l a t i v e l y  good performance  of 4340 s t ee l  i s  somewhat s u r p r i s i n g ,   i n   v i e w  of 

i t s  h igh   ca rbon   con ten t .  The m i c r o s t r u c t u r e s  showed  no v i s i b l e   d i f r e r e n c e   d Q e   t o  

e x p o s u r e ,   b u t   t h e   c a r b i d e s  are so c l o s e l y   s p a c e d   t h a t  i t  would  be d i f f i c u l t   t o  

d e t e c t   d i f f e r e n c e s .  A t  h ighe r   t empera tu res  4340 would probably show much more 

d r a s t i c   c h a n g e s .  

The  poor  behavior  of TZM molybdenum could  arise f r o m   f a c t o r s   o t h e r   t h a n   p r e c l p i -  

ta tcon.   These are inadequa te  stress r e l i e f ,   o r   t h e   f o r m a t i o n   o f  an cx ide  f i l m  

d u e   t o   i m p u r i t i e s   i n   t h e   i n e r t   g a s   a t m o s p h e r e .   F u r t h e r   e x p o s J r e   r u n s  on  t h i s  

a l l o y  would   be   des i rab le  so t h a t   v a r i o u s   p r e - t r e a t m e n t s   c o u l d  be e.nployed. 

Comparing t h e   v a r i o u s   a l l o y s   t h e r e  i s  no   obvious   re la t ion   be tween fine i n i t i a l  

g r a i n   s i z e  and  dimensional   changes  in   these  experiments .  In  genera l ,   the   d imen-  

s i o n a l   c h a n g e s   d o   n o t   c o r r e l a t e  well w i t h   v i s i b l e   c h a n g e s   i n   m i c r o s t r u c t J r e .  
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F o r   e x a m p l e ,   A 2 8 6   s t a i n l e s s  s t e e l  r e v e a l e d  no o b v i o u s   f u r t h e r   p r e c i p i t a t i o n  

and   per formed  badly ,   whi le   annea led   Haynes  25 d i d   r e v e a l   a d d i t i o n a l   p r e c i p l t a t i o n  

w i t h  a l a r g e   d i m e n s i o n a l   c h a n g e .  More s e n s i t i v e   t e c h n i q u e s ,   s u c h   a s   e l e c t r o n  

mic roscopy  o r  p r e c i s i o n  l a t t i c e  p a r a m e t e r s   m e a s u r e m e n t s ,  are r e q u i r e d  t o  d e t e r m i n e  

a c c u r a t e l y   t h e   s t r u c t u r a l   c h a n g e s   t h a t   o c c u r .  

Re f .  B - 1  S l i n e y ,  H . E .  , Strom, T.N. and   A l l en ,  G.P . ,  " F u s e d   F l u o r i d e   C o s t i n g s  
as S o l i d   L u b r i c a n t s   i n   L i q u i d   S o d i u m ,   H y d r o g e n ,  Vacuum,  and A i r , "  
NASA TN D-2348  Aug.  1964. 
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S u b s t r a t e  
Material  

4340 s t e e l  
Cold-drawn 
a n n e a l e d  

A - 2 8 6   s t a i n l e s s  

Haynes 25 ( s o l u t i o n -  
t r e a t e d )  

Haynes 25 ( c o l d -  
worked)  

Rene 41  

TD n i c k e l  

TZM Molybdenum 

TABLE B - 1  TEST MATERIALS 
SOURCE AND HEAT TREATMENTS 

S u p p l i e r  Heat T r e a t m e n t  

Bows tee l   Corp .  Harden  1500-1550 F O . Q .  
L i n d e n ,  N . J .  R e f r i g e r a t e   t o - l O C F f o r  1 h r .  

Temper  1100 F 2 h r s .  A . C .  
R e p e a t   r e f r i g e r a t i o n  h temper 
c y c l e s  2 t imes.  

Advanced   A l loys  

H a y n e s - S t e l l i t e  

H a y n e s - S t e l l i t e  
Forged  by  Monroe 
F o r g i n g s ,   I n c  . 

S o l .   1 8 0 0  F 1 h r .  O . Q .  
Age 1325 F 1 6   h r s .  A . C .  

S o l .  2200  F.  A . C .  

Cold  reduced  15% 
n o   h e a t   t r e a t m e n t  

Forged   by   So l .   2150  F 2 h r s .  A . C .  
Monroe F o r g i n g s  Age  1650 F 4 h r s .  A . C .  
I n c  

Du Pon t S t r e s s   R e l i e v e   1 8 0 0  F t o  
2000 F f o r   1 5   m i n .  

Climax-Molybd. C o .  S t r e s s   r e l i e v e  a t  
2100 F 
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S u b s t r a t e   M a t e r i a l  

4 3 4 0   S t e e l  

A- 286 S t a i n l e s s  

A- 286 S t a i n l e s s  

Haynes 25 ( s o l u t i o n  
t r e a t e d )  

Haynes 25 ( s o l u t i o n  
t r e a t e d )  

TZM Molybdenum 

TZM Molybdenum 

TD N i c k e l  

TABLE B - 2  TENSILE  TEST RESULTS 
ON COATING BOND STRENGTHS 

C o a t i n g  Bond S t r e n g   t h  

Chrome  Oxide 4350 p s i  

A1203 
6970 p s i  

Coba l t   bonded  
t u n g s t e n   c a r b i d e  

A1*03 

S t e l l i t e  6 

6250 p s i  

3820 p s i  

5990 p s i  

Nickel-chrome  bonded 65'70 p s i  
c h r o m e   c a r b i d e  

A1203 
W 8 0  p s i  

A1203 
4510 p s i  
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TABLE B-3 SUMMARY OF EXPOSURE DATA 

M a t e r i a l  

TD Nickel 

Rene 41 

4340 S t e e l  

A-286 S t a i n l e s s  

Haynes 25 

c o l d   w o r k e d  

TZM Molybdenum 

Haynes 25 

S o l n .   T r e a t  , 

D i a m e t r a l - C h a n g e  
M i c r o i n c h / i n c h  

- 40 

+ 78 

- 1 2 0  

- 330 

-400 

-450 

- 

M i c r o s t r u c t n r e s  
A s  R e c e i v e d  

v e r y   f i n e   g r a i n  
s t r u c t l ; r e  
some i n c l u s i o n s  

g r a i n   b o u n d a r y  
p r e c i p i t a t i o n  
s t r i n g e r s  , 
c o a r s e   g r a i n  
s t . r u c t ; r e  

d i s t i n c t   f i n e   a n d  
c o a r s e   c a r b i d e s  

c o a r s e   g r a i n  
s t r u c t u r e  
i n c l u s i o n s ,   s e c o n  
p h a s e .  

~~ - -~ - 

c o l d  wGrked 

g r a i n   b o . z d a r y  
v o i d s  

s i i g h t   g r a i n  
g r 2 w t h  

s t r i n g e r s   a p p e a r  
t o  have  spher>:- 
d i z e d .  

13 v i s i b l e  
rhange  

:o v i s i b l e   c h a l l g e .  
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". . . 

F i g .  B - 1  Se t -up  Used fo r   Sp ray ing   Groove   Pa t t e rns  

-119 - 



lOOX BEFORE TEST 500X 

l O O X  AFTER  TEST 500X 

F i g .  B-2 M i c r o s t r u c t u r e  of A I S 1  4340 S t e e l  
Before  and A f t e r  100 Hours a t  900 F. 
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1 oox BEFORE 

lOOX AFTER 

F i g .   8 - 3   M i c r o s t r u c t u r e  

TEST 

'. 

J: 

500X 

of A-286 S t a i n l e s s  
B e f o r e   a n d   A f t e r  100 Hours  a t  900 F .  
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lOOX BEFORE  TEST 500X 

l O O X  AFTER TEST 500X 

F i g .  B-4 M i c r o s t r u c t u r e  of  Cold-Worked  Haynes 25  
Before  and A f t e r  100 Hours  a.t 900 F.  
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l O O X  BEFORE TEST 500X 

lOOX AFTER TEST 500X 

F ig .  B-5 Mic ros t ruc tu re  of TZM Molybdenum 
Before and A f t e r  100 Hours a t  900 F. 
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lOOX BEFORE TEST 500X 

l O O X  AFTER TEST 5 OOX 

F i g .  B-6 Microstructure  of TD Nicke l  
Before and A f t e r  100 H o u r s  a t  1400 F. 
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lOOX BEFORE TEST 500X 

l O O X  AFTER TEST 500X 

F i g .  B-7 M i c r o s t r u c t u r e   o f  Rene 41 
Before  a n d  A f t e r  100 Hours a t  1400 F. 

-125- 



lOOX BEFORE  TEST 500X 

lOOX AFTER  TEST 500X 

F i g .  B-8 M i c r o s t r u c t u r e   o f   S o l u t i o n   T r e a . t e d  Ha.ynes 25 
Befo re   and   Af t e r  100 Hours a t  1400 F. 
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MTI SPECIFICATION  #29 

APPLICATION OF CERAMIC AND CERMET  COATINGS  TO  THE  SURFACES  OF 

BEARINGS AND SHAFTS 

-" - ~- "___~___ ~~ "" ~ 

I s s u e d :  O c t o b e r  11, 1966  

R e v i s e d :  F e b r u a r y  20 ,  1968  

1. ACKNOWLEDGMENT V e n d o r   s h a l l   m e n t i o n   t h i s   s p e c i f i c a t i o n   n u m b e r   a n d  i t s  

r e v i s i o n   n u m b e r   i n  a l l  q u o t a t i o n s   a n d  w h e n   a c k n o w l e d g i n g   p u r c h a s e   o r d e r s .  

2 .  PURPOSE To p r o v i d e  a p r o c e d u r e   f o r   t h e   a p p l i c a t i o n   o f  a s u r f a c e   l a y e r  of a 

h a r d ,   w e a r - r e s i s t a n t   c o a t i n g   t o   b e a r i n g   p a r t s .  A l s o  t o   p r o v i d e  a p r o c e d u r e  

f o r   t h e   a p p l i c a t i o n   o f   a n   u n d e r c o a t i n g   ( p r i o r   t o   a p p l i c a t i o n  of t h e   f i n a l  

c o a t i n g )   f o r   t h e   p u r p o s e s   o f   i m p r o v i n g   c o a t i n g   a d h e s i o n ,   o r   f o r   p r o v i d i n g  

t h e   b a s e  mater ia l  w i t h   i m p r o v e d   c o r r o s i o n   r e s i s t a n c e .  

3 .  EQUIPMENT A s p e c i a l l y   c o n s t r u c t e d   t o r c h   o r   g u n   w h i c h   i m p a r t s   a n   e x t r e m e l y  

h i g h   v e l o c i t y   a n d   h i g h   t e m p e r a t u r e  of a s u i t a b l e   c a r r i e r   g a s   i n   d h i c h   t h e  

p o w d e r e d   c o a t i n g  m a t e r i a l  i s  s u s p e n d e d .   T h e   c a r r i e r   g a s  ased s h a l l   b e   a r g o n ,  

u n l e s s   o t h e r w i s e   s p e c i f i e d  

4 .  PROCESS Two s u i t a b l e   p r o c e s s e s   f o r   t h e   s a t i s f a c t o r y   d e p o s i t i o n   o f   t h e s e  

h a r d   c o a t i n g s   h a v e   b e e n   d e v e l o p e d  by v e n d o r s   T h e s e   p r o c e s s e s  a re  g e n e r a i l y  

d e s c r i b e d  as t h e   ' p l a s m a   f l a m e   s p r a y '   p r o c e s s   a n d   t h e   ' d e t o n a t i o n '   p r o c e s s .  

E i t h e r   p r o c e s s  may b e   u s e d   u n l e s s   t h e  d e t a i l  d r a w i n g  of t h e   p a r t  s t a t e s  

o t h e r w i s e .  

5. COATING AND UNDERCOATING  MATERIALS S h a l l   b e   i n d i c a t e d   o n   t h e   d e t a i l   d r a w i n g  

by  name, e . g . ,   c h r o m e   o x i d e   c o a t i n g ,   n i c k e l   o r   n i c k e l - c h r o m e   o r   m o l y b d e n u E  

u n d e r c o a t i n g .   T h e   i d e n t i t y  of t h e  mater ia ls  s h a l l   b e   d e t e r m i n e d   b y   t h e  

v e n d o r s   p o w d e r  or  c o a t i n g   n u m b e r .  

-127- 



The  minimum  bond s t r e n g t h   b e t w e e n   t h e   f i n a l   c o a t i n g  and t h e   b a s e   m a t e r i a l  

or  b e t w e e n   t h e   f i n a l   c o a t i n g ,   t h e   u n d e r c o a t i n g   a n d   t h e   b a s e  mater ia l   shal l  

be  2000 PSI as d e t e r m i n e d   b y   t h e   b o n d   s t r e n g t h  t e s t  ( P a r a . 1 1 )  

6. BASE MATERIAL P r i o r   t o   c o a t i n g   t h e   p a r t s   s h o u l d   b e ,  as f a r  as i s  p o s s i b l e ,  

i n   t h e   f i n i s h e d   m a c h i n e d   c o n d i t i o n .  A l l  h e a t   t r e a t m e n t   s h a i l   b e   p e r f o r m e d  

p r i o r   t o   c o a t i n g .  

When p r a c t i c a b l e ,   a n y   a c i d   o r   a l k a l i   c l e a n i n g   a n d   e l e c t r o p l a t i n g   s h a l l  

p r e c e d e   c o a t i n g .   I f   t h e s e   p r o c e s s e s  are t o  b e   p e r f o r m e d   a f t e r   c o a t i n g ,   t h e  

c o a t i n g   s h a l l   b e   s u i t a b l y  masked t o   p r e v e n t   c o n t a c t  w l . t h  t h e   s o l d t i o n s  

i n v o l v e d .  

I f   t e m p e r a t u r e   s e n s i t i v e  mater ia ls  a re  t o  be   coa ted  i t  s b c u l d   b e   a n t i c i p a t e d  

t h a t   s u r f a c e   t e m p e r a t u r e s   u p   t o  350 F w i l l  b e   p r o d u c e d   b i   t h e   c o a t i n g   p r o c e s s .  

Where t h i s   t e m p e r a t u r e   m i g h t   p r e s e n t   p r o b l e m s ,   t . h i s   s t t a l l   b e   n o t e d  on t h e  

d rawing .  

0 

7 .  M A C H I N I N G  PRIOR TO  COATING 

7 .1 ALL  PARTS 

The f i n a l   c o a t i n g   a n d   u n d e r c o a t i n g ,  when s p e c i f l e d ,  staall c n l y   b e   a p p l i e d  

t o   t h o s e  areas d e s i g n a t e d  on t h e   d r a w i n g .  Areas u h e r e   o v e r s p r a y  i s  p e r -  

m i t t e d   s h o u l d   b e   n o t e d   o n   t h e   d r a w i n g .  Any s u c h   o v e r s p r s p   a r e a s   s h a l l  

h a v e   t h e  same m a c h i n i n g   p r e p a r a t i o n s  as  t h e   r e q u L r e d   c c a t i n g  areas .  

On t h e  areas which  are t o   b e   c o a t e d ,   t h e   p a r t   s h o u l d   b e   m a c h l n e d   u n d e r s i z e  

o n   e x t e r n a l   s u r f a c e s ,   o r   o v e r s i z e   o n   i n t e r n a l   s u r f a c - e s ,  by a n  amount  which 

w i l l  l e a v e  a c o a t i n g   t h i c k n e s s   o f  . 0 0 2 / . 0 0 3  i n c h e s  (see P a r a .  7.4: a f t e r  

f i n i s h   m a c h i n i n g .   I f  a meta l l ic  u n d e r c o a t  i s  t o   b e   d s e d ,   t h e n   a n   a d j i t o n a l  

.001-.002 i n c h e s   s h a l l  be  a l l o w e d   f o r   t h e   t h i c k n e s s   o f  t h i s  u n d e r c o a t ,  

u n l e s s   o t h e r w i s e   s p e c i f i e d  on t h e   d r a w i n g .  

Where p o s s i b l e ,   t h e   c o a t i n g   s h o u l d   b e   a p p l i e d   i n  a r e c e s s   b o u n d e d  by t h e  

b a s e  mater ia l .  T h i s   p r e v e n t s   t h e   p o s s i b i l i t y   o f   c h i p p l n g   t h e   o t h e r w i s e  

e x p o s e d   e d g e s   o f   t h e   c o a t i n g .  
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A l l  s h a r p  corners  i n  t h e  areas t o  b e   c o a t e d   s h a l l   b e   b r o k e n   w i t h  a -0151 

.020 r a d i u s   u n l e s s   o t h e r w i s e   s p e c i f i e d .  

7 . 2  SHAFTS 

T h e   l e n g t h   o f   t h e  c o a t i n g ,  a n d   w h e r e   s p e c i f i e d   t h e   l e n g t h  of t h e  a n d e r -  

c o a t i n g ,  s h a l ' l . b e  a t  l ea s t  1/8 inch  l o n g e r   t h a n   t h e   b e a r i n g  so t h a t  t h e  

c o a t i n g  on t h e  s h a f t   p r o t r u d e s   b y  1/16 i n c h e s   b e y o n d   e a c h   e n d   o f   t h e   b e a r -  

i n g .   T h i s   w i l l   e n s u r e   t h a t   t h e   b e a r i n g   c a n n o t   c o n t a c t   a n y   u n c o a t e d   p o r t i o n  

of t h e  s h a f t .  

7 . 3  BEARINGS 

T h e   c o a t i n g   a n d ,   w h e r e   s p e c i f i e d ,   t h e   u n d e r c o a t i n g  w i l l  o n l y   b e   a p p l i e d  

t o  t h e   l o a d   b e a r i n g   s u r f a c e  I 

I t  s h o u l d   b e   n o t e d   t h a t   t h e   m i n i m u m   a n g l e   w h i c h   c a n   b e   u s e d   b e t w e e n   t h e  

n o z z l e   o f   t h e   e q u i p m e n t   a n d   t h e   p a r t  t o  b e   c o a t e d  i s  45 T h e r e f o r e ,   i t  

i s  n o t   p o s s i b l e  t o  c o a t  a n   i n t e r n a l   s u r f a c e   i n   o n e   s e t u p   i f   t h e   l e n g t h  t o  

d i a m e t e r  r a t i o  (L/D) e x c e e d s  1. T u r n i n g   t h e   p a r t   r o u n d   a n d   a p p l y i n g   t h e  

c o a t i n g   f r o m   t h e   o p p o s i t e   e n d  i s  n e c e s s a r y   f o r   l a r g e r   L / D   r a t i o s . .   O r i f i c e s  

i n   i n t e r n a l   s u r f a c e s   w h i c h   r e q u i r e   c o a t i n g  o r  u n d e r c o a t i n g   s h a l l   p e r m i t  

t h e   o r i f i c e  t o  t a p e r   b y  30' i n c l u s i v e   f o r   t h e   t h i c k n e s s   o f   t h e   c o a t i n g   a n d  

u n d e r c o a t i n g ,  o r ,  a l t e r n a t i v e l y   s h a l l   p e r m i t  a r a d i u s   e q u a l  t o  t h e   t b i c k -  

n e s s   o f   t h e   c o a t i n g   a n d   u n d e r c o a t i n g .  

0 

It  i s  n o t   p o s s i b l e   w i t h   t h i s   t e c h n i q u e  t o  p r o d u c e  a g r o o v e   w i t h  a 90 

s h a r p - c o r n e r e d   e d g e ,   T h e   g r o o v e   s h a l l   h a v e   a f t e r - f i n i s h   m a c h i n i n g ,  a 

s h a r p   e d g e   w i t h   a n   i n c l i n a t i o n  l e s s  t h a n  45 t o  a p l a n e   v e r t i c a l  t o  t h e  

b e a r i n g   s u r f a c e ,   u n l e s s   o t h e r w i s e   s t a t e d .  

0 

0 

8. TEMPLATES FOR GROOVED PATTERNS 

T e m p l a t e s   s h a l l   b e   p r e p a r e d  by p h o t o   e t c h i n g   h a r d e n e d  302 s e r i e s   s t a i n l e s s  

s h e e t  .010-.020" t h i c k .  T h e   p h o t o   e t c h i n g   s h a l l   b e   p e r f o r m e d   f r o m   o n e   s i d e  

o f  t h e  t e m p l a t e   o n l y .   T h e   e t c h i n g   s h a l l   b e   p e r f o r m e d   f r o m   t h e   s i d e  of t h e  

t e m p l a t e   w h i c h   w i l l   b e   p l a c e d   a g a i n s t   t h e   p a r t   d u r i n g   t h e   a p p l i c a t i c n  of  t h e  

chrome o x i d e  
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A s u i t a b l e   f i x t u r e   s h a l l   b e   u s e d   t o   h o l d   t h e   p a r t   a n d   t h e   t e m p l a t e   i n   t h e  

r e q u i r e d   p o s i t i o n ,   t o   w i t h i n   t h e   a c c u r a c y   s p e c i f i e d ,   d u r i n g   t h e   c o a t i n g  

p r o c e s s .  

The p r o f i l e   o f   t h e   f i n i s h e d   t e m p l a t e   s h a l l   c o r r e s p o n d   t o   t h e   b o t t o m   o f   t h e  

g r o o v e s   a n d   h a v e   a n   a c c u r a c y   i n   a c c o r d a n c e   w i t h   t h e   t o l e r a n c e s   g i v e n   f o r   t h e  

g r o o v e s  on t h e   f i n i s h e d   p a r t .  T h e   d i m e n s i o n s   o f   t h e   p r o f i l e   o f   t h e   g r o o v e s  

i n   t h e   c o a t i n g  as a p p l i e d   s h a l l   b e   f i n i s h e d   d i m e n s i o n s .  

9 .  COATING  PROCEDURE 

A c t u a l   c o a t i n g   o f   t h e   p a r t s   s h a l l   b e   p e r f o r m e d   a s   s o o n   a s   p r a c t i c a b l e   a f t e r  

t h e   s u r f a c e   p r e p a r a t i o n   ( P a r a ' s .   9 . 1 ,  9 . 2  a n d   9 . 3 j   p r e f e r a b l y   w i t h i n  two 

h o u r s .  

- 9 . 1  A l l  p a r t s   s h a l l   b e   t h o r o u g h l y   c l e a n e d   f r e e   f r o m   d u s t ,   g r i t ,   o i l ,  

g r e a s e   a n d   o t h e r   f o r e i g n   m a t e r i a l s   b y   v a p o u r   d e g r e a s i n g   o r  by wash ing  

t h o r o u g h l y   i n   p e t r o l e u m   s o l v e n t  and d r y i n g .  

- 9 . 2  A l l  t h e   s u r f a c e s   t o   b e   c o a t e d   s h a l l   b e   a b r a s i v e   b l a s t e d   w i t h  No. 16-  

2 4   a l u m i n u m   o x i d e   g r i t  a t  80-100 p s i  t o   p r o d u c e  a roughened   su r f ace   wh ich  

w i l l  p r o m o t e   a d h e s i o n   o f   t h e   c o a t i n g .  A minimum s u r f a c e   r o u g h n e s s   a f t e r  

b l a s t i n g   o f  63 m i c r o i n c h e s ,  AA, i s  recommended. I n  e v e r y   c a s e ,   f r e s h   g r i t  

s h a l l   b e   u s e d   f o r   t h i s   a b r a s i v e   b l a s t i n g .  

When t h e  par t s  r e q u i r e   g r o o v e s   f o r m e d  by t h e   c e r a m i c   o r   c e r m e t   c o a t i n g ,  

t h e   a b r a s i v e   b l a s t i n g   s h a l l   b e   p e r f o r m e d   b e f o r e   t h e   a t t a c h m e n t   o f   t h e  

t empla t e   wh ich  i s  u s e d   t o   f o r m   t h e   o u t l i n e   o f   t h e   r e q u i r e d   g r o o v e d   p a t t e r n .  

M a s k i n g   s h a l l   b e   u s e d   t o   p r o t e c t   s u r f a c e s   G h i c h   a r e   n o t   t o   b e   c o a t e d .  

Th i s   mask ing   can   be   done   w i th   adhes ive -backed  t a p e ,  s h i m   s t o c k   m e t a l  

s h i e l d i n g   o r   a n y   o t h e r   a p p r o p r i a t e   m e t h o d .  Any o r i f i c e s   i n   t h e   s u r f a c e  

s h a l l   b e   p l u g g e d   w i t h   s u i t a b l e   s i z e d  wire  t o   p r e v e n t   g r i t   f r o m   p e n e t r a t i n g  

t h e s e   h o l e s .   L a r g e r   h o l e s   s h a l l   b e   p r o t e c t e d  w i t h  r u b b e r   p l u g s   o r   o t h e r  

s u i t a b l e  mater ia l .  
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- 9 . 3  A f t e r   a b r a s i v e   b l a s t i n g ,   a n d   b e f o r e   c o a t i n g  or  . J n d e r - c o a t i n g ,  a l l  
t e m p e r a t u r e   s e n s i t i v e   m a s k i n g  mare r i a l s  s h a l l   b e   r e m o v e d   a n d   r e p l a c e d   w i t h  

metal s h i m   s t o c k  or  metal s h i e l d s   i f   t h e s e  are r e q u i r e d  t o  p r o t e c t   f i n i s h e d  

s u r f a c e s .  Any h o l e s   o r   o r i f i c e s  w i l l  b e   p l u g g e d   w i t h   g r a p h i t e  o r  o t h e r  

s u i t a b l e  material  t o  p r e v e n t   b r i d g i n g   d u r i n g   t h e   c o a t i n g   o p e r a t i o n .  

- 9.4 D r y ,   f r e e - f l o w i n g   c o a t i n g   a n d ,   w h e r e   s p e c i f i e d ,   u n d e r c o a t i n g   s h a l l  
b e   d e p o s i t e d  on t h e   d e s i g n a t e d   s u r f a c e s  i n  s t r i c t   a c c o r d a n c e   w i t h   t h e  

v e n d o r s   p r o c e s s   o p e r a t i o n   s h e e t .  

T h e   t h i c k n e s s   o f   t h e   d e p o s i t e d   u n d e r c o a t i n g   s h a l l   b e  .001/.002 i n c h e s ,  

u n l e s s   o t h e r w i s e   s p e c i f i e d  on t h e   d r a w i n g .   T h e   t h i c k n e s s   o f   t h e   d e p o s i t e d  

c e r a m i c   o r  cermet c o a t i n g   s h a l l   b e  a t  l ea s t  t w i c e  as t h i c k  a; t h e   f i n a l  

t h i c k n e s s   o f   t h e   c o a t i n g   a f t e r   f l n i s t ,   m a c h i n i n g .  When p a r ?  s r e q u i r e  

g r o o v e s   f o r m e d   b y   t h e   c o a t i n g .   t h e   p a r t   s h a l l   h a v e   t h e   u n d e r c o a t i n g   a p p l i e d  

b e f o r e   t h e   g r o o v i n g   t e m p l a t e  1 s  a t t a c h e d .   T h e   s i d e   o f   t h e   t e m p l a r e   f r o m  

w h i c h   t h e   p a t t e r n  was e t c h e d   s h a l l   b e   p l a c e d   a g a i n s t   t h e   p a r t   t o   b e   c c a t e d  

T h e   t e m p e r a t u r e   o f   t h e   p a r t   b e l n g   c o a t e d   s h a l l   b e   m a i n t a i n e d  S O  a s   n o t   t o  

e x c e e d  350 F .  
0 

10.   FINISH M A C H I N T N G  OF C O A T I N G  T h e   b e a r i n g   s u r f a c e s   s h a l l   b e   g r o u n d   s n d ,   w h e r e  

n e c e s s a r y ,   l a p p e d   t o   d r a w i n g   d i m e n s i o n s   a n d   t o l e r a n c e s .  The s d r f a c e   f i n i s h  

s h a l l   b e  8 RMS u n l e s s   o t h e r w i s e   s p e c i f i e d   o n   t h e   d r a w i n g .  . A l l  s h a r p   p r o -  

t r u d i n g   e d g e s  of  t h e   c o a t i n g   s h a l l   b e   b r o k e n   w i t h  a .010/015 r a d l c l s .  I t  1 s  

e x t r e m e l y   i m p o r t a n t   t h a t   p r o p e r  machining techniques b e   u s e d   t o   f i n i s h   t h e  

c o a t i n g .   T h e s e   t e c h n i q u e s  are  d e s c r i b e d   i n   " F 1 , n i s h l n g   o f   F l a m e   P l s t e d   P a r t s , "  

c o p y r i g h t   1 9 5 6   b y   U n i o n   C a r b i d e   C o r p o r a t i o n   a n d   u s e d   b y  Lincie A i r  EroclJccs  

D i v i s i o n .  

11. BOND STRENGrH A r e p r e s e n t a t i v e   b o n d   s t r e n g t h   s p e c i m e n ,   m a c h l n e d   t o   t h e   d i m e n -  

s i o n   s h o w n   i n   F i g .  2 a n d   p r e p a r e d   a n d   t e s t e d  i n  a c c o r d a n c e  2 

and  11.3,  s h a l l   h a v e  a b o n d   s t r e n g t h   n o t  l e s s  t h a n   t h a t   s p e c  
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- 11.1 The portion of the test specimen which is to be coated shall be 
manufactured from the same material  as the  part which it represents. 

The mating part of the specimen may be manufactured from any suitable 

material. For identification purposes the mating part  of  the specimen 

shall be slotted on the 23/32 dia. 

- 1 1 . 2  The designated surface of  the test specimen shall be prepared in 

accordance with Paragraphs 9.1 and 9.2, and coated and undercoated when 

specified, i n  accordance with Paragraph 9.4. The preparation and coating 

of the specimen and  the parts which it represents shall be performed at 

the same time and with the same equipment and settings. 

- 11.3 The coating shall be ground until the ceramic or cermet coating is 

.002/.003" thick. After grinding, the specimen shall be cleaned by vapor 

degreasing or by rinsing thoroughly in petroleum solvent and drying. 

Join and align the test specimen to a clean, dry and grit blasted mating 

specimen, using Minnesota Mining and Manufacturing Epoxy Cement EC2186. 

Care should  be taken to avoid the entrapment of air bubbles. Excess 

adhesive shall be removed from the vicinity of  the joint before curing 

in a circulating air oven for 1 hour at 350 F 520.  0 

The specimens should be  pulled on a tensile tester at a rate of .028 

inches/minute. 

If tne  bond fails to meet the minimum  requirements because fracture occurs 
at  the coating-epoxy interface, the test shall be considered invalid and 

shall be repeated. When a  control sample is tested  (i.e. plain,  prepared, 

uncoated specimens joined with epoxy cement), the  bond strength shall not 

be less than 10,000 psi. 

12. QUALITY The coating, and when specified the undercoating, shall be adherent 

to  the base material and shall have a  uniform surface free from blistering, 

spalling,  chipping,  flaking, cracking or other objectionable imperfections. 
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I 

13.  

14. 

1 5 .  

1 6 .  

The c o a t i n g   s h a l l ,  when f i n i s h e d   m a c h i n e d ,   c l e a n  LIP over   the   whole  of t h e  

s p e c i f i e d   a r e a   t o   b e   c o a t e d  when t h e   f i n i s h e d   c o a t i n g   t h i c k n e s s  i s  .002/.003 

i nches .  The f i n i s h e d   s u r f a c e   o f   t h e   c o a t i n g   s h a l l   b e   f r e e   f r o m   m e t a l l i c  o r  

o t h e r   i n c l u s i o n s   f o r e i g n   t o   t h e   c o a t i n g   m a t e r i a l .  

CONTROL C o n t r o l   o f   q u a l i t y   a n d   c o n t r c l   o f   s h i p m e a t s   s h a l l   b e   i n   a c c o r d a n c e  

w i t h   t h e   l a t e s t   i s s u e   o f  MTI Q u a l i t y   C o n t r r o l   M a n u a l   o r   a s   o t h e r w i s e   d i r e c t e d .  

TOLERANCES The t o l e r a n c e s   a t   t h e   b o u n d a r i e s  of t h e   a r e s s   d e s i g n a t e d   t o   b e  

coa ted   sha l l   be   de f ined   on   t he   d rawing   o f   t he   pa r t   To le rances   on   t he   t h i ck -  

n e s s e s   o f   t h e   c o a t i n g   s h a l l   b e   a s   s t a t e d   i n   t h e   r e l e v a n t   p a r a g r a p h s  of t h i s  

s p e c i f i c a t i o n   u n l e s s   o t h e r w i s ; .   s t a t e d   o n   t h e   d r a w i n g  of t h e   p a r t .  

APPROVAL 

- 15 .1  Coa t ing   sha l l   be   pe r fo rmed   on ly  by s m r c e s   a p p r s v e d  by MTI Engir.eer- 

ing  Department .  

15 .2  O p e r a t i o n   s h e e t s   c o v e r i n g   a l l   d e t a i l s   o f   t h e   c o a t i n g   p r o c e s s   f o r  

e a c h   p a r t   s h a l l   b e   s u b m i t t e d   b y   t h e   v e n d o r  t o  MTI  Engineer ing  Department  

f o r   a p p r o v a l ,   F i g . ~ r e  1 shcws a t y p l c a l   o p e r a t i o r '   s h e e t .  Use cf format  

shown i n   F i g .  1 i s  n o t   m a n a d a t o r y   p r o v i d e d   a l l   a p p l i c a b l e   i n f o r m a t i o n  

shown the reon  i s  reported.   Vendor  may supp lemen t   ope ra t ion   shee t s  by  ~ l s e  

of   ske tches ,   marked   drawings ,  o r  n o t e s  when necessa ry .  

15.3 To a s s u r e   a d e q c l a t e   p e r f o r m a n c e   c h a r a c t e r i s t i c s ,   v e n d o r ' s   m e t h o d s  of  

g r i n d i n g   a n d / o r   l a p p i n g   c o a t i n g   ( i f   g r i n d i n g   a n d / o r   l a p p i n g  1; performed) 

s h a l l  be  approved by p u r c h a s e r   b e f o r e   p a r t s   f o r   p r o d x t i ; n   J s e   a r e   s ~ p -  

p l i ed ,   un le s s   such   approva l   be   wa ived .  

15.4 Vendor s h a l l  ase t.he  same coa t ing   ma te r i a l   eq . J ipmen t  n a r u f a c t i r i n g  

procedures ,   p rocesses ,   and   methods  of i n s p e c t i o n   f 2 r   p r o t i l c t i m   p a r t s   a s  

for   approved  sample  par t .5 .  If i t  i s  found  neces;ary t'; m k e  s - 1 ~  chdnge 

w h i c h   c o u l d   u n f a v c r a b l y   a f f e c t   a n y   c h a r a c t e r i s t i c ;   o f   t h e   c D a t i n g ,   v e n d o r  

s h a l l   s u b m i t   r e v i s e d   c p e r a t i o n   s h e e t s  t 3  "I1 Enginee r ing   Depa r tne2 t   p r io r  

t o   i n c g r p c r a t   l n g   s * x h   c h a n g e .  

- 

REJECTIONS - C o a t e d   p a r t s   n o t   c o n f o r m i n g   t o  t l l is  s p e c i f i c a t i o n  o r  t o  au thc-  

r i z e d   m o d i f i c a t i o n s  w i l l  b e   s u b j e c t   t o   r e j e c t i o n .  
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